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Bacterial superantigen-induced human lymphocyte responses are 
nitric oxide dependent and mediated by IL-12 and IFN-gamma. 

Sriskandan S, Evans TJ, Cohen J 

Department of Infectious Diseases and Bacteriology, Royal Postgraduate Medical 
School, Hammersmith Hospital, London, United Kingdom. 

Bacterial superantigens cause marked proliferation of T cells and release of 
lymphokines. Nitric oxide, derived from the conversion of L-arginine to 
L-citrulline, inhibits this activation in murine cells. We have now investigated the 
roles of IL-12, IFN-gamma, lymphotoxin-alpha, and nitric oxide during 
superantigen-induced human lymphocyte activation. Lymphocyte activation was 
determined by measurement of proliferative responses and lymphokine release. 
Both toxic shock syndrome toxin- 1 from Staphylococcus aureus and recombinant 
streptococcal pyrogenic exotoxin A induced proliferation and production of 
IFN -gamma, lymphotoxin-alpha, and IL-12 by human mononuclear cells in a 
time-dependent fashion. The release of IFN-gamma was abrogated by a 
neutralizing Ab to IL-12, but lymphocyte proliferative responses were unaffected. 
A neutralizing Ab to IFN-gamma prevented the release of lymphotoxin-alpha, but 
did not affect proliferation. The neutralization of lymphotoxin-alpha using two 
different Abs did not affect IFN-gamma release or proliferation. In contrast to 
previous findings in mice, the arginine analogue, NG-monomethyl-L-arginine, 
significantly inhibited both proliferation and lymphokine release by 
superantigen-stimulated human cells. Thus, the release of lymphotoxin-alpha by 
lymphocytes following superantigen stimulation is dependent upon the presence 
of IFN-gamma; the IFN-gamma response is in turn under the control of IL-12. 
There is no evidence that nitric oxide plays an inhibitory role during 
superantigen-mediated human lymphocyte activation. Indeed, arginine is a 
prerequisite for such activation. 
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Vasoactiveintestinal peptide inhibits IL-12 and nitric oxide 
production in murine macrophages. 

Xin Z, Sriram S 

Vanderbilt University Medical Center, Nashville, TN, USA. 

Vasoactive intestinal peptide (VIP) is a naturally occurring neuropeptide widely 
distributed in the nervous system. In this study, we investigated the effect of VIP 
on IL-12, TNF alpha and nitric oxide (NO) production in macrophages following 
activation with lipopolysaccharide (LPS) or superantigens. In vitro studies show 
that at physiologic concentrations, VIP inhibited IL-12 and NO but not TNF alpha 
production in macrophages which were stimulated with LPS or superantigens. 
The inhibitory effect of VIP on IL-12 production appeared to be cAMP mediated 
since other cAMP inducing agents were also potent in inhibiting IL-12 
production. Since IL-12 plays a critical role in T cell function, we suggest that 
naturally occurring neural hormones can regulate the type and direction of the 
immune response. 
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Interleukin-12 inhibits murine graft-versus-host disease. 

Sykes M, Szot GL, Nguyen PL, Pearson DA 

Department of Pathology, Massachusetts General Hospital, Harvard Medical 
School, Boston 02129, USA. 

Interleukin-12 (IL-12) is a potent immunostimulatory cytokine and an inducer of 
type-1 T-helper cell activity and of cytotoxic T lymphocyte and natural killer cell 
function. We report here the paradoxical observation that a single injection of 
4,900 lU of recombinant murine IL-12 inhibits acute graft-versus-host disease 
(GVHD) in a fully major histocompatibility complex (MHC) plus multiple minor 
antigen-mismatched bone marrow transplantation (BMT) model (A/J->B10). The 
protective effect was enhanced by administration of T-cell-depleted host-type BM 
cells, and complete donor-type lymphohematopoietic reconstitution was observed 
in most animals. Treatment with a protective course of IL-12 led to increased 
serum interferon-gamma (IFN-gamma) levels as compared with those for GVHD 
controls at early time points, when IFN-gamma was produced predominantly by 
host-type natural killer cells, but led to almost complete inhibition of the later 
GVHD-associated increase in serum IFN-gamma levels, when IFN-gamma is 
produced predominantly by CD4+ T cells. Furthermore, IL-12 treatment was 
associated with marked alterations in the kinetics of donor T-cell expansion. 
Reductions in donor CD4+ and CD8+ T cells were observed in the spleen on day 
4 post-BMT, but a marked increase in donor CD8+ cells was observed on day 7. 
Unlike broadly immunosuppressive methods for inhibiting GVHD, which are 
associated with loss of antileukemic effects, IL-12 has the potential to mediate 
antileukemic effects of its own; therefore, the GVHD-inhibitory effects of IL-12 
described here suggest a potential application for this cytokine in clinical BMT. 

PMID: 7662991 
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The Role of Interleukin 12 and Nitric Oxide 

in the Development of Spontaneous Autoimmune 

Disease in MRL/ MP -Ipr/lpr Mice 

By Fang-Ping Huang, Gui-Jie Feng, George Lindop,* David I. Stott, 
and Foo Y. Liew 



Fwifi the Deparman of Immnuology ami * Pathology, Utiiucrsity of Glasgow^ Glasgow Gtl 6NT, 
United Kingdom 



Summary 

MWL/MP~lpr/ Ipr {MWL/fpr) mice develop a spontaneous autoimmune disease. Serum from 
these mice contained significantly higher concentrations of nitrite/ nitrate than serum from age- 
matched control MRL/MP- + /+ (MRL/ + ), BALB/c or CBA/6J mice. Spleen and perito- 
neal cells from MWL/lpr mice also produced significantly more nitric oxide (NO) than those 
from the control mice when cultured with interferon (IFN) 7 and lipopolysaccharide (LPS) in 
vitro. It is interesting to note that peritoneal cells from MRL///;r mice also produced markedly 
higher concentrations of interleukin (IL) 12 than those from MRL/+ or BALB/c mice when 
cultured with the same stimuli, it is striking that cells from MRL//prmice produced high con- 
centrations of NO when cultured with IL-12 and LPS, whereas only low or background levels 
of NO were produced by similarly cultured cells from MRL/+ or BALB/c mice. The en- 
hanced NO synthesis induced by IFN-7/LPS was substantially inhibited by anti-IL-12 anti- 
body. In addition, IL-12-induced NO production can also be markedly inhibited by anri-IFN-7 
antibodv, but onlv weakly inhibited bv anti-tumor necrosis factor a antibody. The effect of 
IL-12 on NO production was dependent on the presence of natural killer and possibly T cells. 
Serum from MRL///;r mice contained significantly higher concentrations of IL-12 compared 
with those of MRL/+ or BAL13/c control mice. Daily injection of recombinant IL-12 led to 
increased serum levels of IFN-y and NO metabolites, and accelerated glomerulonephritis in 
the young MRL///)rmice (but not in the MRL/+ mice) compared with controls injected with 
phosp hate -buffered saline alone. These data, together with previous finding that NO synthase 
inhibitors can ameliorate autoinnnune disease in MKL/lpr mice, suggest that the high capacity 
of such mice to produce IL-12 and their greater responsiveness to IL-12, leading to the pro- 
duction of high concentrations of NO; are important factors in this spontaneous model of au- 
toimmune disease. 



MKL/MP-lpr/lpr (MRL///jr)' mice develop a sponta- 
neous autoimmune disease and have been used ex- 
tensively as a model for clinical SLE. The disease is charac- 
terized by lymphadcnopathy, autoantibody production, and 
inflammatory manifestations such as nephritis, vasculitis, and 
arthritis (1, 2), The cause of the disease is likely to be mul- 
tifactorial, including a single gene mutation (Ipr) of the fas 
apoptosis gene on mouse chromosome 19 (3, 4) and back- 
ground genes from the MRL strain (1, 4). 

Recent studies show that MRL/Z/Ji* mice excreted signif- 
icantly higher concentrations of urinary nitrate/nitrite than 
age-matched normal C3H mice (5). Furthermore, MRL/ 



^Abbreviations used in this paper: HRP, horseradish peroxidase; L-NMMA, 
L-N*^ monomechyl arginine; MWUlpr, MWL/MP-lpr/lpr, NO, nitric ox- 
ide; NOS, nitric oxide synthase. 



Ipr mice showed markedly reduced proteinuria and mini- 
mal glomerular proliferation when treated orally with l-N^' 
mono methyl arginine (l-NMMA), an inhibitor of nitric 
oxide- synthase (NOS) (5). These data therefore strongly 
suggest that nitric oxide (NO) is an important mediator of 
the disease manifestation of MRL//pr mice. However, the 
mechanism(s) for this exaggerated NO synthesis by MRL/ 
Ipr mice remains obscure. 

NO is a critical mediator of a variety of biological func- 
tions, including vascular relaxation, platelet aggregation, 
neurotransmission, tumoricidal and microbicidal activity, 
and immunosuppression (6-10). It is also implicated in a 
range of inimunopathologies (11-13). NO is derived from 
the guanidino nitrogen atom(s) (14) and molecular oxygen 
(15, 16) in a reaction catalyzed by the enzyme NOS. There 
are three major isoforms of NOS (17): the neuronal form 
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(nNOS) and the endothelial form (eNOS) produce the 
amounts of NO required for physiological functions. The 
cytokine-inducible fomi (iNOS) is induced by a number of 
immunological stimuH, such as IFN-7, TNF-a, and LPS, 
and catalyzes the high output of NO which can be cyto- 
toxic. 

Since the expression and functional activities of IFN-7 
and TNF-a in SLE and its animal models are highly vari- 
able and controversial (18, 19), we explored the possibility 
that the exaggerated NO synthesis in MKL/lpr mice may 
be due to enhanced production of other factor(s). We re- 
port here that spleen and peritoneal cells from MKL/lpr 
mice produced significantly higher concentrations of I L- 12 
than those from the control MRL/+V or BALB/c mice 
when stimulated with LPS and IFNr-y in vitro. lL-12 and 
LPS synergistically stimulated the. spleen and peritoneal cells 
from MRL///;r mice, but not from the control MRL/+ 
mice, to produce high levels of NO. Furthermore, young 
mice developed accelerated glomerulonephritis 
when injected with rIL-12 compared with control injected 
with PBS alone. Thus, the enhanced capacity to produce 
IL-12 and the higher responsiveness to 1L-12/LPS to pro- 
duce NO may play an important role in the pathogenesis of 
MK.L/ Ipr mice. 



Materials and Methods 

Mice. Female M\\l/lpr and age- -aiid scx-niatched control 
MRL/MP-f/ + , BALB/c. and CBA/6J mice were obtained 
from Harlan Olac Ltd. (Bicester, UK). Some of the mice were 
bred in the animal facilities, University of Glasgow, from pairs 
obtained from Harlan Olac. They were housed in a conventional 
animal facility. 

Cytohitics ivid Hca^cnts. Murine rIFN-7 was a kind gift of Dr. 
G. Adolf (Bender, Vienna, Austria). Murine rIL-12 and mono- 
clonal (clones CI 5.6 and CI 5. 1.2) and polyclonal (sheep no. 7) 
anti-IL-12 antibodies were generously provided by Dr. Stan Wolf 
(Genedc Insritute, ' Boston, MA). Polyclonal anti-IL-12, anti- 
IFN-7, and and-TNF-a antibodies were raised in rabbits immu- 
nized widi murine rIL-12, rIFN-7, or TNF-a, respecnvely using 
a standard protocol. Monoclonal anri-CD4 (YTSI9i) and anti- 
GD8 (YTSI69) were kindly provided by Dr. H. Waldniann (Uni- 
versity of Oxford, Oxford, UK). Monoclonal and-NK antibody 
(5E6, endotoxin removed) was obtained from PharMingen (San 
Diego, C A). Monoclonal ann-Thyl.2 (F7D5) was obtained from 
Olac Ltd.- Fresh rabbit serum was used as a source of complement. 
L-NMMA and D-NMMA were kindly .provided by Dr. S. 
Moncada (Glaxo Wellcome Research Laboratory, Beckenham, 
UK). LPS {Salmonella euteritidis) and Con A were obtained from 
Sigma (Podle, UK). 

Mouse Peritoneal and Spleeti Cell Preparation. Peritoneal cells were 
collected by injecdng 5-7 ml of ice-cold PBS into the peritoneal 
cavity before -har\^esting and kept on ice before' use. Spleen was 
then removed and a single cell suspension prepared by gently forc- 
ing the spleen , through a .sterile tea strainer into a petri dish in 
HBSS (Gibco, Paisley, UK) containing 1% FCS. The cells were then 
washed in seruni-free HBSS and viability determined by trypan 
blue exclusion. ■ - 

Cell Depletion. Single cell suspensions (10^ cells/ml) in PBS 
were incubated on ice for 30 min with anti-CD4, anti-CD 8 (hy- 
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bridoma culture supernatant, 1:1 dilution), ann-NK (5E6, 5 |xg/ 
ml), and-Thyl.2 (ascites, 1:500 diludon) or anti-Thyl.2, plus anti- 
NK. After 2 washes with ice-cold PBS, the cells were incubated 
with or without rabbit complement (1:20) in 96-well culture plates 
for 45 min at 37°C at 2 X 10^ cells/ well in 100 |xl of complete 
culture medium (KPMI 1640; Gibco) supplemented with 10% 
heat-inacnvated FCS, 50 U/ml penicillin, 50 ^Jlg/ml streptomy- 
cin, and 50 |xM 2-mercaptoethanol). Cells were then pelleted by 
centrifugation of the plate and the supernatant was carefully re- 
moved. The incubanon was repeated with fresh complement and 
followed by two washes with wami medium. Samples of the re- 
sidual cells were phenotyped in parallel tubes by flow cytometry 
(Becton Dickinson & Co.) using FITC- or PE-conjugated anti- 
bodies to CD4, CDS (Becton Dickinson & Co., Oxford, UK) 
and CD3 (PharMingen). 

Cell Culture. Spleen (2 X 10^ viable cells/ well) or resident 
peritoneal cells (1.5-3 X 10^ cells/ well, varied between different 
experiments) in 200 |jlI were cultured in full, medium in 96-well 
plates (Nunc. Roskilde, Denmark) at 37°C and 5% CO2 for up to 
6 d. To stimulate for NO synthesis, graded doses of IL-12 and 
LPS were titrated and optimal doses determined. IFN-7 was used 
at 50 U/ml unless indicated otherwise. To sdmulate for IL-12 
production, graded doses of LPS were dtrated with 50 U/ml of 
IFN-7. In the annbody neutralizanon experiments, cells were 
preincubated with specific antibodies to murine IL-12 (sheep no. 7 
or rabbit anti-IL-12), IFN-7, or TNF-a for 30 min at 37°C be- 
fore the add in on of stimulators. Concentrations of annbody used 
were su praopdmal for neutralizing the amounts of cytokines 
likely to be produced as detemiined in preliminary experiments. 
, Cytokine Assays. IL-12 concentration was determined by an 
ELISA method using a combinanon of two rat monoclonal any- 
bodies (CI 5. 1.2 and CI 5.6, Generic Insritute) to mouse IL-12 
(p40 chain) as capture anribodies, and a sheep anti-mouse IL-12 
aiitibody (sheep no. 7) or a rabbit anti-mouse IL-12 (kab.74.6) as 
detecring antibody. ELISA in 96-well plates (Immulon 4; Dyna- 
tech, Billingshurst, UK) was developed with a biotin-conjugated 
donkey anti-sheep IgG anribody (Sigma) followed by StrepAvi- 
din-horseradish peroxidase (HRP) or a HKP-conjugated donkey 
anti-rabbit IgG (SAPU, Carluke, UK) accordingly, TMB HRP 
substrate (KPL Laboratories, Gaithersburg, MD); optical density 
was read on a Dynatech MR5000 ELISA reader at 630 nm. Re- 
combinant murine IL-12 (Generic Institute) was used as standard, 
Nomial donkey serum (2%) was used as blocker. IL-12 produc- 
rion was also determined by Western blot. Peritoneal cells from 
four 13-wk-old M\\.L/lpr mice were pooled and cultured at 2.5 
X 10"* cells/ml in 25-cm- flasks in the presence or absence of 
IFN-'Y (50 U/ml) and LPS (1 |xg/ml). Culture supernatant was 
.harvested at 6, 12, 24, and 48 h, 3-ml samples, were immune pre- 
cipitated with rat monoclonal anri-IL-1 2 antibodies (clones C15.1.2, 
and CI 5.6, both against the p40 chain of IL-12), and the immune 
complexes were captured by protein A-Sepharose beads. The 
precipitate was then resolved on 10% SDS-PAGE and transferred 
to nitrocellulose membranes (Bio-Rad, Herts, UK). After. block- 
ing with Tris-buffered saline containing 0.1% Tween 20 and 2% 
BSA, the membrane was incubated sequenrially with and-lL-12 
antibody (sheep no. 7), biorin-conjugated donkey anti-sheep 
IgG, and HRP-conjugated avidin, and protein bands visualized 
by the enhanced chemiluminescence (ECL) system (Amersham 
Biosciences, Amersham, Bucks, UK). Recombinant murine IL- 
1 2 was run in parallel with the test samples. 

The IFN-7 concentration was also determined by ELISA using 
a rat monoclonal anribody (R46AT) and a rabbit anti-mouse 
IFN-7 antibody. The assay was developed with an alkaline phos- 
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phatase-conjugated goat anti-rabbit IgG antibody (Sigma) fol- 
lowed by p-nitrophenyl phosphate. Optical density^ was read on a 
Dynatech-.MR700 ELISA reader at 410 nm. Recombinant murine 
IFN-7 was used as standard. In some experiments, an ELISPOT 



Figure 1. Enhanced NO syn- 
thesis in MRL///;r mice in vivo 
and in vitro, {a) Seniin nitrite/ 
nitrate levels in MWUlpr lupus 
strain {n = 47) and three control 
strains (« = 40) of mice at differ- 
ent ages. Total nitrite and nitrate 
concentration in serum was de- 
temiined by the nitrate reductase 
method which converted nitrate 
into nitrite before measurement 
(see Materials and Methods). 
LPS/iFN-7-induced NO pro- 
duction by splenic {\)-d) or peri- 
toneal (f) cells from young (6- 
wk; b and if) and old (25-wk; c 
and e) MRL///)r, MRL/ + , or 
BALB/c mice. Spleen or perito- 
neal cells from three mice per 
group were pooled and stimu- 
lated in 96-wel] culture plates 
with IFN-7 {^^ U/ml) and ei- 
ther 1 ixg/nil {{}, c, and e) or 
graded doses {d) of LPS. In some 
cultures {d) l-NMMA (500 \yM) 
was added. Culture supematants 
were collected at daily intervals 
and nitrite levels were measured 
bv the Greiss method. Data 
shown are time course {b, c, and 
f), or {d) at day 6 as mean and SD 
of triplicate cultures. (*P <0.05, 
**P <0.01). {(i, dotted line) Ni- 
trite level in unstimulated cul- 
tures. Consistent results were ob- 
tained in more than 10 repeated 
experiments. 



assav was also used to enumerate the number of IFN-7-secrenng 
cells. This was carried out as described previously (20). 

Assays for NO Production. Total nitrate and nitrite concentra- 
tion in serum was determined by the conversion of nitrate into 
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nitrite as described previously (21). Briefly, serum samples (30 |jl1) 
were incubated with an equal volume of reaction buffer contain- 
ing nicotinamide adenine dinucleotide phosphate (1 mg/ml), fla- 
vin adenine dinucleotide (8.3 mg/ml), KH2PO4 (0.1 M), and ni- 
trate reductase (0.7 mg/ml; Sigma), added immediately before 
use. Conversion was carried out at 37°C for 2 h in a 96-well 
ELISA plate (Immulon 2; Dynatech). Total nitrite content was 
then measured in a chemiluminescence NO analyzer (Dabisi 
model 2107; Quantitech Ltd., Milton Keynes, UK) according to 
the manufacturer's instruction. Nitrate standard was run in parallel 
with test samples. The assay was performed in triplicate and had a 
detection limit of 5 |xM. Nitrite concentration in culture super- 
natants was detennined in triplicate by the Greiss reaction (22), 
using NaN02 as standard with a detecdon limit of 1 |JlM. 

Detection of Serum Autoantibodies by ELISA, This was carried out 
as described previously (23) using single (ss) or double (ds) stranded 
calf thymus DNA (Sigma) as target antigens. Pooled serum from 
20-wk-old MWL/lpr mice of known high titer of anti-DNA anti- 
bodies was used as standard serum. One titration unit was arbi- 
trarily defined as the amount of antibody present in a fixed dilu- 
tion of the standard serum (1/10,000 for anti-ssDNA and 1/1,000 
for anti-dsDNA annbodies). 

Renal Histology, Mouse kidney tissues were fixed in formalin 
and embedded in parafi^in; 5-|xm sections were stained with peri- 
odic acid-Schifl*. For histological examination by light microscopy, 
sections were randomly labeled and examined blind twice by two 
investigators. The severity of kidney patholog)' was assessed by 
the extent of enlargement of glomeruli and mesangial cell prolif- 
eration, tuft-to-capsule adhesions, protein casts in tubules, inter- 
stitial cellular infiltration, and vasculitis. 

Statistical Analysis. Statistical significance (/; value) was calcu- 
lated by the Mann Whitney test (Minitab software program; 
Minitab Inc, State College, PA). 



Results 

MRL/lpr Mice Produced Higher Concentrations of NO Me- 
tabolites than Nonnal Mice. Serum fi-om MRL/lpr, Ml^/ + , 
BALB/c, and CBA mice of various ages were analyzed for 
NO metabolites by converting nitrate to nitrite and then 
detemiining the total nitrite content. Serum from MRL///;r 
mice consistently contained significantly higher concentra- 
tions of nitrate and nitrite than those from- age- and sex- 
matched MRL/ + , BALB/c, or CBA/6J mice (Fig. 1 a). 
There was no significant difference between the concentra- 
tions of NO metabolites produced by MRL/ + , BALB/c, 
or CBA mice. These results therefore confirm previous 
findings (5) that MWL/lpr mice produce exaggerated levels of 
NO in vivo. 

To analyze the mechanism(s) for the exaggerated pro- 
duction of NO by the MKL/ Ipr mice, spleen (Fig. 1 , l)-(i) 
or peritoneal (Fig. 1 e) cells from MKL/ Ipr, MRL/ + , or 
BALB/c mice were cultured with IFN-7 and LPS in vitro 
for up to 8 d, and the concentrations of nitrite in the cul- 
ture supernatants determined. Cells from MRL///;r mice 
consistently produced significantly higher levels of NO 
than similarly cultured cells from age-matched young (6- 
wk-old, Fig, 1, /) and d) or old (24-wk-old, Fig. 1, c and e) 
MRL/ + , or BALB/c mice. The production of NO was 
LPS dose dependent and was inhibitable by L-NMMA 
(Fig. 1 (f). IFN-7 alone or LPS alone induced only a mini- 
mum level of NO synthesis by spleen cells (see Fig. 3, h and 
c). LPS alone did, however, induce significant levels of NO 
production by /y?/' peritoneal cells (see Fig. 3 c). 

Peri tot tea I and Spleeti Cells from MRL/lpr Mice Produce High 
Concentrations of IL-12. We next investigated the produc- 
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Figure 2. Enhanced IL-12 production by peritoneal 
cells from MWL/lpr mice. Pooled peritoneal cells from 
three mice per group of MWL/lpr or MRL/+ strains (2- 
3-mo-old). were cultured in the presence or absence of 
iFN-7 (50 U/ml) and LPS. IL-12 production in the cell 
cultures (triplicates) was detennined by ELISA: {n] LPS 
dose-responses at day 4; (h) time course with 1 jJLg/nil 
LPS. The data shown were representative of three repeated 
experiments, (f) Western blot analysis of IL-12 expres.sion 
showed inducible IL-12 p40 chain (time course) identical 
to that of the rlL-12 control. The two distinct p40 bands 
may be due to different degrees of glycosylation (24). 
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Figure 4 EfTccts of anti-IL-12 antibodies on IFN-^/Ll^S-induccd NO production by splenic .nd peritoneal cells from Mi^.L//y.r mice Pooled spleen 
(a) or pentoneai (h) cells from tbree Mi^.L///;r nnce (3-.no-old) were stimuhued for 6 or 4 d, respectively, with L;raded doses ot IFN--Y and 1 l^y/n.l LI S 
in the presence of a rabbit anti-IL-12 antiserum (Rab.74.6) or prennnnme control serum (1:1(10). Nitnte concentrations were expressed as mean and hU 
of triplicate cultures. {Dottai Hues) Nitnte levels in cultures with LPS alone. lU'Sults from two repeated experiments were snnilar. {Note diHerent scale tor 
(t and b). 



tion of IL-12, a powerful immune stimulatoiy cytokine, by 
the MRL//p mice. Peritoneal cells from normal BALB/c 
or MRL/+ mice produced only a low level of lL-12 when 
cultured with IFN-^ and LPS in vitro. By contrast, perito- 
neal cells from age-matched A4RL/lpr mice produced up to 
10-fold more IL-12 when cultured under identical condi- 
tions (Fig. 2). IL-12 production by the. cells of MRL/lpr 
mice was LPS dose- and time-dependent, reachmg a pla- 
teau level after 12 h (Fig. 2, h and c). LPS or IFN-7 alone 
induced minimum amounts of IL-12 synthesis. Similar re- 
sults were obtained with spleen cells, except that the levels 
of IL-12 produced were lower (data not shown). 

Spleen and Pentoneai Cells from MRUlpr Mice Produce High 
Levels of NO Mien Stimulated with IL-12 and LPS, Subse- 
quent experiments were therefore carried out to investigate 
the possible Imk between IL-12 and NO synthesis by 
MRL//f>r mice. Spleen cells from MRL//prmice produced 
markedly higher concentrations of NO than those from 



age-matched BALB/c or MRL/+ mice when cultured 
with IL-12 and LPS (Fig. 3, a-c). Nitrite was detectable in 
the culture supernatant after 2 d and continued to increase 
up to day 6 (Fig. 3 (7). NO production was both IL-12 and 
LPS dependent (Fig. 3, h and c). High concentrations of ni- 
trite were also detected in cultures of peritoneal cells from 
MRL/lpr mice (Fig. 3, d and c). NO producnon in tin- 
present system is dependent on the adherent cell popuhi- 
tion (>90% macrophages) and barely detectable in the 
nonadherent cell population. However, removal of nonad- 
herent cells significantly reduced (by 70-82%) the IL-i2- 
induced NO production (Fig. 3 /). This suggests that tiie 
IL-12-driven NO synthesis was via its effect on nonadher- 
ent cells. 

Since IFN-^y and IL-12 are known to induce each 
other's synthesis, we then determined whether the en- 
hanced production of NO by spleen and peritoneal celK 
from MRL/lpr mice activated by IFN-7 and LPS was IL-I- 



method. (. and d) Kmecics of NO production with 1 ^xg/ml LPS plus 10 ng/ml rlL-12. {h and r) show LPS ^^^^^^^^'^P^^^^^^^^^^^^ 
6 and 4 respectively, (c) IL-12 dose-response with 1 ^lg/ml LPS at day 6. (/) Induction of NO production by 1L-12/LPS or IFN-7/LI S by .<^n 
and nonadherent pentoneai cells from MRL///.r mice. Nonadherent cells were separated from adherent cells by plastic adhesion and cultured m -^-^ 
wells with fixed doses of LPS (I )X^/m\) and IL-12 (10 ng/ml) or IFN-J (50 U/ml). Data shown are nitrite concentrations as percentage ot the • 
separated cells in the control cultures (mean of triplicates). (*P <0.05, **P <0.01). 
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Figures. Inhibition of IL-12/ 
LPS-indiiced NO production by 
antibodies to IL-!2, IFN-7, and 
TNF-a. and by l-NMMA. 
Pooled spleen (from two mice, 
fi) or peritoneal (from five mice, 
/;) cells from 2-3-mo-old MRL/ 
Ipr mice were stimulated for 6 or 
4 d, respectively, with rIL-12 (10 

ng/ml) and LPS (1 M-g/*"0 ^^'if^"" 
or without addition of polyclonal 
antibodies (50 |xg/ml) to mouse 
IL-12, IFN-7, TNF-a, IFN-7 
and TNF-a, or control normal 
rabbit IgG [NR /i^G). In some 
spleen cell cultures, a NOS in- 
hibitor, L-NMMA or its inert 
enantiomer control D-NMMA 
(500 fxM) were added. Data 
shown are mean and SD of 
triplicate cultures (*P <0.05, 
**P<0.01). Similar results were 
obtained from four experiments. 
{Dotted line, b) Nitrite level in the 
cultures of peritoneal cells with 
LPS alone. 
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Figure 6. IL-12/LPS-induccd IFN-7 
production in normal and lupus mice. 
Pooled spleen cells from age- and sex- 
marched MKl/lpr, MRL/ + , or BALB/c 
mice (// = 3) were stimulated with 
IL-12 and LPS for 3 d and IFN-7 pro- 
duction was determined by ELISA. {n) 
Dose— response studies of lL-12 with 
1 pig/ml LPS; (/') dose-response studies of 
LPS with 10 nt^/ml IL-12. IFN-7 levels 
in the unstimulated cultures were <33 
pL;/mL Data shown are mean and SD of 
triplicates cultures. 



dependent. Spleen and peritoneal cells were stimulated 
with IFN-'Y and LPS as above in the presence of a rabbit 
anti-IL-12 antiserum. The production of NO by these cells 
was markedly inhibited by the antiserum but not by the 
control preimmune serum (Fig. 4). The inhibition was in- 
complete. This was because •IFN-7 and LPS can be ex- 
pected to direcdy activate macrophages to produce NO. 
The ability of an anti-lL-12 antibody to inliibit NO syn- 
thesis also indicated that the IL-12 detected bv ELISA in 
the culture supernatants of cells activated with IFN-7/LPS 
(e.g., Fig. 2) was not due to the IL-12 p40 homodimer. 

IL-12/LPS-inducc(i NO Pwductiou hwolvcs IFN-y and 
TNF-a. Production of NO by spleen and peritoneal cells 



from MWL/lpr mice activated v/ith IL-12 and LPS can be 
conipletelv abroi^ated bv anti-IL-12 antibodv, markedlv in- 
hibited by anti-IFN-7" antibody, and was marginally af- 
fected bv anti-TNF-a antibody, but was further inhibited 
bv the combination of anti-lFN-'V and anti-TNF-a anti- 
bodies (Fig. 5), suggesting that lL-12/LPS-induced NO 
synthesis may be via I FN -7 and TNF-a. However, there was 
no direct correlation between NO svnthesis and the level 
of IFN-7 produced in cultures of spleen cells from MRL/ 
Ipr, MRL/-f, or BALB/c mice when stimulated with IL- 
12 and LPS under identical conditions (Fig. 6, as compared 
to Fig. 3, /) and r). Thus, whereas cells from MRL///;r mice 
produced a high concentration of NO and those from the 
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Figure 7, IL- 1 2/LPS-induced NO synthesis involvo 
NK and T cells. Pooled peritoneal cells from two MRL///"' 
mice (5-mo-old) were prctrcated with antibodies against 
CD4, CD8, NK cell marker 5E6, Thy 1.2, or NK 5E6 plii< 
Thy 1.2 and dien followed by incubation with rabbit seriini 
as the source of complement. The cells were then stimu- 
lated for 4 d with rIL-12 (10 ng/ml) and LPS (1 ^JLg/ml). or 
cultured in medium only as unstimulated control. Data are 
from one of two similar experiments and are expressed ■^> 
percentage of NO concentration in the control cultures o\ 
stimulated cells without pretreatment (mean ± SD, ti = 
*P<0.05, **P<0.01). 
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MRL/+ and BALB/c mice produced only a minimum 
amount of NO, cells from the BALB/c irdce produced 
markedly higher concentrations of IFN-7 than those pro- 
duced by ceUs from MRL/Ipr mice which was indistin- 
guishable from those of MRL/+ mice. Spleen cells from 
BALB/c mice also produced markedly higher concentra- 
tions of IFN-7 and higher numbers of lFN-7-secreting 
cells than those from hAKL/lpr mice when cultured with 
the T cell mitogen, Con A (2.5 fig/ ml), over an extended 
period (up to 120 h) as detected by ELISA and by 
ELISPOT (data not shown). 

lL'12-mduced NO Synthesis Itivohes NK and T Ceils. 
To determine the cell types involved in the enhanced NO 
synthesis, cell-depletion experiments were carried out in vitro 
using cytolytic antibodies and complement. Depletion of 
Thy 1.2'*' cells partially reduced NO production, whereas 
depletion of NK cells almost completely abrogated the pro- 
duction of NO by peritoneal cells from MRL///;r mice 
stimulated with IL-12 and LPS (Fig. 7). Depletion of 
CD4'^ or CDS"^ cells alone had only a modest effect. Since 
some NK cells also express CDS and Thyl.2 antigens (25), 
it is likely that lL-12-induced NO synthesis involves mainly 
NK cells in addition to the adherent population. 

Evidence for the Enhanced IL-12 Synthesis in AdRL/lpr Mice 
In Vivo. To confimi the iiJ vitro observations of enhanced 
IL-12 activity in the lupus model, experiments were carried 
out to measure serum levels of IL-12, IFN-7, and TNF-a 
in mice of different age and compared with those of sex- 
and age-matched MRL/+ and BALB/c control mice. Fig. 8 
shows that serum IL-12 levels were markedly higher in the 
Ipr mice, especially in the old mice with clinical disease 
compared with controls (12-fold in 5-8-mo-old mice). This 
was in parallel with the elevated levels of nitrite/nitrate in 
the serum (Fig. 1 a). Treatment of young (1-2-mo-old) 
mice with LPS for as little as 2 h resulted in significantly 
higher serum IL-12 levels in MRL///7rmice compared with 
similarly treated control MRL/4- mice (Fig. 8 c). Serum 
IFN-7 and TNF-a were found to be low, variable, and 
comparable (data not shown). 

rIL-12 Accelerates Autoimmtme Disease iri MRL/lpr Mice. 
To investigate directly the role of IL-12 in the induction of 
autoimmune disease, young (3-wk-old) MRL//prmice were 
given daily intraperitoneal injections of rIL-12 (300 ng/ 
mouse/day) or a similar volume of PBS for 9 wk. Mice 
were then killed and the histopathology of the kidney ex- 
amined. Gross morphology of the kidneys from the IL-12- 
treated mice had a pale waxy surface and were fimier on 
sectioning, whereas those from the control PBS-injected 
mice appeared normal. Histological examination revealed 
enlarged glomeruU with significant glomerular and mesan- 
gial hypercellularity in the IL-12-treated group. In particu- 
lar, most of the IL-12-treated group showed severe damage 
to the glomeruli, with thickening of the Bowman's capsule 
basement membrane and tuft-to-capsule adhesions and pro- 
tein casts (Fig. 9 c) which were largely absent or scanty in 
the PBS-treated group (Fig. 9 ^i). In contrast, pyelonephritis 
with extensive vasculitis and infiltration of mononuclear 
cells at the kidney medullary region (Fig. 9 b) was promi- 



nent in all the mice in the PBS-treated group. These changes 
were minimal in the IL-12-treated mice (Fig. 9 d). 

Spleen cells from the rIL-12-treated mice showed a sig- 
nificandy higher percentage of CD3'^ (51.5 vs 44.5%, P = 
0.02, n = 5), CD8+ (9.2 vs 5.3%, P = 0.02) and double 
negative (22.6 vs 17.3%, P = 0.02) T ceUs than those from 
untreated mice. There was, however, no significant differ- 
ence in the spleen weight or the percentage of CD4'^ T 
cells in the spleen cell populations between the two groups. 
There was also no significant difference in the anti-ss or ds 
DNA antibody (total antibody as well as IgM and IgG iso- 
type) concentrations in the serum between treated and un- 
treated mice (data not shown). However, serum IFN-7 
(16.5 ± 3.8 vs 5.2 ± 1.4 pg/ml, P = 0.0189) and nitrite/ 
nitrate (54.2 ± 2.6 vs 29.6 ± 3.0 fxM, P = 0.0304) were 
elevated in the IL-12-treated mice compared with those of 
PBS-treated mice. 
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Figure 8. Elevated serum IL-12 levels in untreated and LPS-treated 
MRL//pr mice. Semm IL-12 levels in untreated {a) young (1—2 mo) and 
(/;) old (5-8 mo), and in {c) LPS~treated young (1-2 mo) MRL//pr mice. 
Control mice were sex- and age-matched MRL/+ or BAL13/c mice. For 
the LPS treatment, a total of six groups of mice (four per group) were in- 
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or PBS alone as indicated. Senmi samples were collected 2 h after the 
treatment and IL-12 levels were determined. All samples were assayed in- 
dividually by ELISA; the statistical significance of differences between lu- 
pus and the control strains of the same age groups is indicated (*P <0.05). 
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Pathology 



Figure 10. Schematic representation of the possible mechanism for the 
induction of renal patholog\' (glomerulonephritis) in MKl/lpr mice by 
enhanced lL-12 production and NO synthesis (for details see text). 

It is interesting to note that treatment of MRL/+ mice 
with IL-12 did not induce any detectable renal pathology 
(glomerulonephritis or proteinuria, data not shown), sug- 
gesting that MKL/lpr mice are genetically predisposed to 
the effect of IL-12. However, treatment of MKL/ipr mice 
(starting age: 2 mo) with a sheep anti-mouse IL-12 anti- 
body (sheep no. 7, 100 |JLg/mouse i.p., weekly for 7 wk) 
led to a initial reduction of proteinuria followed by a re- 
bound (data not shown) possibly due to increased forma- 
tion of immune complexes resulting from repeated injec- 
tion of foreign proteins. 

Discussion 

Data presented here demonstrate that serum from MI\L/ 
Ipr mice contained significandy higher concentrations of 
IL-12 with or without treatment with LPS in vivo com- 
pared with those of similarly treated control MRL/ + mice. 
In addition, spleen and peritoneal cells from MKL/ Ipr mice 
produced significandy higher concentrations of IL-12 than 
MRL/+ or BALB/c mice in response to activation by 
IFN-7 and LPS in vitro. Furthermore, cells from MKL/lpr 
mice were more responsive to IL-12 and LPS, producing 
higher concentrations of NO than those from the control 



MRL/-t- mice. Finally, daily injection of rIL-12 led to ac- 
celerated glomerulonephritis in the MKL/lpr mice but not 
in the MRL/+ mice. 

These results suggest a causal relationship between en- 
hanced capacity to produce IL-12 and the spontaneous auto- 
immune disease in this model of SLE as depicted schemati- 
cally in Fig, 10. An earlier report (5) demonstrated that NO 
is a critical mediator of the autoimmune disease in MRL/ 
Ipr mice. It has also been documented that many autoim- 
mune animal models including the lupus MRL strain of 
mice do not develop autoimmune disease when kept in a 
gemi-free environment (26, 27), consistent with our find- 
ing that LPS and IFN-7 are required for the activation of 
macrophages to produce high concentrations of NO and 
IL-12, which is produced by monocyte/macrophages (28). 
In contrast to nomial MRL/+ or BALB/c mice, the pro- 
duction of NO in the MKL/lpr mice is further exaggerated 
by the high concentration of IL-12 produced by activated, 
macrophages. IL-12 activates NK and T cells to produce 
IFN-7 and perhaps other yet unidentified factor(s) which, 
together with LPS, further enhance NO synthesis. This cycle 
of amplification produces exaggerated levels of NO leading 
to the pathology. This is consistent with the delayed onset 
of NO synthesis in the cultures activated with IL-12 (Fig. 
3, requiring 4-6 d for optimal production of NO). The ac- 
tivation of NK and T cells by IL-12 for the production of 
IFN-7 has been well documented (29-31). However, in 
the present system, there was a lack of direct correlation 
between enhanced NO synthesis and IFN-7 production by 
MKL/lpr and control MRL/+ and BALB/c mice. Never- 
theless, IFN-7 and TNF-a were required for IL-12-driven 
NO synthesis. It is therefore likely that an additional fac- 
tor(s) produced by lL-12-activated NK or T cells is re- 
quired to synergize with IFN-7 for the production of high 
concentrations of NO. NK cell activity is known to be al- 
tered in MRL/lpr mice. However, this was based on their 
lytic activity' rather than their activity to produce IFN-7. 

IL-12 is essential for the differentiation of the Thl subset 
of T cells (32-34). It is also a powerful adjuvant for the in- 
duction of protective immunity against diseases such as cu- 
taneous leishmaniasis (35) in which Thl cells are the main 
protective mechanism (for reviews see references 36, 37). 
Our results indicate that excessive production of IL-12 or 
the administration of rIL-12 can cause autoimmune disease 
in susceptible mice, demonstrating the negative side of the 
therapeutic use of IL-12. This is consistent with a number 
of recent reports showing that administration of IL-12 in- 
duced: (a) earlier onset of insulin-dependent diabetes mellitus 
in female NOD mice (38); {b) more severe and prolonged 



Figure 9. Effects of IL-12 treatment of MRLZ/pr mice on renal pathology. Photomicrographs of kidney sections from MRL//prmice (3-mo-old) show- 
ing two essentially nomial glomeruli in the kidney corte.x of a FBS-treated control mouse {a); and severe glomerulonephritis in the cortical region of a 
IL-12-treated mouse, including structural damage to two enlarged glomeruU with hypercellularity and adhesion {c), as well as protein casts in the tubules {c 
and arrows). In contrast, histological examination of the medullary region shows severe pyelonephritis in the PBS-treated mouse (£») featuring extensive 
mononuclear ceil infiltration in the perivascular interstitium, which is, however, markedly reduced in the IL-12-treated mouse {d). Periodic Acid-Schiff 
stain, X250 (a and c), X 100 (6 and d). 



1457 Huang et al. 



disease in adoptively transferred experimental allergic en- 
cephalomyelitis (39); and (c) destructive collagen-induced 
arthritis (40). Our study here demonstrates that the patho- 
genic effect of IL-12 in the lupus model is likely to be due 
to the increased production of NO. This finding not only 
advances our knowledge of the pathogenesis of this lupus 
model (and by extension to SLE), it also suggests two po- 
tential means of therapeutic intervention of the progression 
of this disease: neutralization of IL-12 or inhibition of 
iNOS. 

Glomerulonephritis is a severe complication of the renal 
involvement which is the major cause of pathology and 
death in SLE (18, 41). Although it is generally beheved that 
the renal pathology is due to autoantibody production, im- 
mune complex deposition and complement activation, slow 
infections have been shown to play an important role in 
triggering these autoimmune responses in many models of 
autoimmune disorders (26). We observ^ed here that IL-12- 
treated mice had clearly reduced pyelonephritis which is 



known to be commonly induced by infections (42). Our ^ 
results suggest that IL-12 might have strengthened the 
host's defense against infection in these mice which are 
otherwise immunodeficient (43-45). Thus, treatment of 
the autoimmune disease aiming at neutralization of IL-12 
may weaken the host immune response, leading to uncon- 
trolled infection. These results therefore demonstrated that 
IL-12 is beneficial in controlling infections. However, ex- 
cessive production of IL-12, as in the lupus mice, wilHead 
to severe immunopathology. 

mice differ from the MRL/+ mice in the im- 
paimient of transcription of the gene encoding Fas antigen 
by insertion of a transposable element into the second in- 
tron of the gene (46). However, Ipr is not a null mutation 
and the inhibition of Fas expression is incomplete (47). The 
relationship between the impaired fas gene expression and 
enhanced IL-12 and NO production by the MRL//prmice 
is at present unclear, but amenable to experimental investi- 
gation. 
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Mice deficient in the inducible nitric-oxide synthase 
(INOS), constructed by gene-targeting, were signifi- 
cantly more susceptible to hierpes simplex virus 
(HSV)-1 infection, displayed a delayed clearance of 
virus from the dorsal root ganglia (DRG) and 
exhibited an increase in the frequency of virus 
reactivation in DRG compared with similarly infected 
heterozygous mice. The infected iNOS-deficient 
mice developed enhanced Th1-type immune re- 



sponses and their spleen cells produced higher 
concentrations of IL-1 2 than similarly infected het- 
erozygous mice. This finding suggests that iNOS 
plays an important role in resistance against HSV-1 
infection. Furthermore, nitric oxide (NO) may block 
the development of Thi cells via inhibition of IL-1 2 
synthesis and thereby play a role in immune regu- 
lation: 



Introduction 

Inducible nitric-oxide synthase (iNOS) catalyses the syn- 
thesis of high concentrations of nitric oxide (NO) from l- 
■ arginine and plays a role in microbicidal and tumoricidal 
i activities, and in immunopathology (Moncada & Higgs, 1993 ; 

Nathan & Xie, 1994). It may also be important in immune 
\: regulation (Albina et al, 1991 ; Liew, 1995). The role of NO in 
i' virus infection is, however, controversial (Croen, 1993; 
\ Karupiah et al, 1993; Burkrinsky et al, 1995; Mannick et al, 
1994; Rolph et al, 1996; Adler et al, 1997). Most of these 
studies used L-arginine analogues which are competitive 
f inhibitors of NO synthases. The discrepancy between the 
results may be attributable to the non-isoform-selective nature 
and the variation in the bioavailability of the inhibitors. By 
gene targeting, we have constructed a mouse strain lacking 
iNOS (Wei et al, 1995). These mice are highly susceptible to 
intracellular parasitic infection. We have now tested the ability 
of these mice to resist herpes simplex virus (HSV)-l infection. 

Methods 

■ Mice. iNOS-deficient mice were generated as described previously 
(Wei et al, 1995), Disruption of the murine iNOS gene was achieved by 
homologous recombination in 129sv embryonic stem cells. The re- 
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combinant allele was passed through the germ line following mating of 
embryonic stem cell chimaeras with MFl (Harlan Olac). The homo- 
zygous, heterozygous and wild-type mice thus generated were back- 
crossed to MFl for three generations. All the mice used were from 
matings of littermates and should therefore have had a similar MFl gene 
background. Peritoneal cells from mutant mice did not produce iNOS 
protein following activation by IFN-}' and LPS in vitro as judged by 
Western blot. They also did not produce detectable amounts of NO 
following up to 48 h culture with IFN-}* plus LPS. By 72 h, however, a low. 
level of nitrite was detectable in the culture supernatant of cells from 
mutant mice. This may reflect the accumulation of nitrite produced by 
constitutive NOS, or the induction of constitutive NOS (Wei et al, 1995). 
Female mutant mice and their heterozygous littermates were used at 3-4 
weeks old. Extensive previous experiments showed no significant 
phenotypic difference between the heterozygous and wild-type mice 
(Wei et al, 1995); hence in the present study only heterozygous mice 
were used as controls. 

■ Virus and infection. HSV-l (Glasgow strain 17^) was grown and 
titrated in baby hamster kidney cells (BHK21/C13) (MacPherson & 
Stoker, 1962) propagated in Eagle's medium as described previously 
(MacLean et al, 1991). Mice were inoculated in the right hind footpad 
with the appropriate doses of virus (Robertson et al, 1992), which were 
titrated prior to inoculation. 

■ Peripheral virulence. Groups of five mice were inoculated with a 
series of 10-fold dilutions of virus. Mice were examined daily and the 
LDqo calculated according to the formula of Reed Sc-Muench (1938) on 
the basis of the number of deaths up to 42 days post-infection. 

■ Virus replication during acute infection. Mice were inoculated 
with 10^ p.f.u. of virus per mouse. Vims replicates -in the footpad, enters 
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the sciatic nerve and travels by retrograde transport to the dorsal root 
ganglion (DRG) where replication occurs prior to the establishment of a 
latent infection. Croups of mice were sacrificed at regular intervals and 
the right rear footpad together with the two lowest thoracic (Tn, Tl2), 
five lumbar (H-5) and three sacral (Sl-3) DRG were removed from the 
inoculated side and stored at - 70 °C. All ten ganglia from each mouse 
were pooled, but the footpad and DRG from each mouse were processed 
separately. Following homogenization and sonication, the virus yield was 
determined by titration in BHK cells (Robertson et al, 1992). 

■ Reactivation of latent virus from DRG, Mice were inoculated 
with lO** or 10^ p.f.u. of virus per mouse and examined daily for clinical 
symptoms. Mice surviving 6 weeks were assayed for the presence of 
latent virus. The mice were sacrificed and DRG removed from the 
inoculated side, placed individually in culture medium in microtitre dishes 
and screened for the release of infectious virus every second day by 
transferring the culture medium to control BHK cells which were then 
incubated for 2 days at 37 ®C before examining for the presence of virus 
cytopathic ef¥ect. 

■ Antibody titration. Serum {3-5 x dilutions) was added into 
microtitre plates coated with irradiated virus (2 x 10^ p.f.u. equivalent/ 
mi) and incubated for 1 h. The plates were then washed and antibody 
detected with peroxidase-conjugated rabbit anti-mouse IgG, IgGl or 
[gG2a (Dako) and developed with 2,2'-azino-bis(3-ethylben2thiazoline- 
6-sulfonic add). The plates were read on a Bio-kinetics Reader (Bio-Tek 
Instrument) at 405 nm. The end-point was calculated as the highest 
dilution of serum which gave an absorbance reading twice that of the 
background (with normal mouse serum). 

■ Flow qftometry analysis. Spleen cells were pooled fi-om groups of 
nine or ten mice and analysed for CD3'", CD3"'CD4^ and CD3^CD8"' 
subsets using the appropriate monoclonal antibody (Becton Dickinson). 
Labelled cells were analysed by flow cytometry (FACScan, Becton 
Dickinson). 

■ T cell proliferation. Draining lymph node cells from infected mice 
were cultured (10^ ceils/ml) in medium (RPMI 1640, Gibco) containing 
0-5% FCS and 0-5% normal mouse serum) in flat-bottom 96-well plates 
(Nunclon) with graded concentrations (5 x I0*-5 x 10* p.f.u. equiv- 
alent/ml) UV-irradiated HSV-1 for 3-4 days. The cells were then pulsed 
with [^Hlthymidine [I MCi/well (37 kBq per well), Amersham] for a 
further 16 h, harvested and the radioactivity counted in a Beta-plate 
counter (Pharmacia). 

■ Cytokine production and detection. Spleen cells from infected 
mice were cultured (2 x 10* ceils/ml) in medium (RPMI 1640 and 10% 
FCS) in flat-bottom 24-well plates with graded concentrations (10^-10' 
pi.u. equivalent/ml) of UV-inradiated virus, or with .concanavalin A 
(ConA) (2-5 ^g/ml) or LPS (5 ^g/ml) for up to 7 days. Cell-free culture 
supematants were collected at 1, 2, 3, 4 and 7 days and cytokine 
concentrations detennined by ELISA in 96-weII plates (Immulon 4). [L-12 
was captured with a combination of rat monoclonal antibodies to mouse 
IL-12 P40 (C15.1.2 and C15.6, kind gifts of the Genetic Institute, 
Cambridge, Mass., USA), and detected with a rabbit anti-mouse IL-U 
antibody (Rab.74.6, raised in our laboratory). IFN-y was captured with a 
rat monoclonal antibody to mouse IFN-y (R46AT) and detected with a 
rabbit anti-mouse IFN-y antibody. IL-4 was captured with a rat 
monoclonal anti-IL-4 antibody (TRFK4, PharMingen) and detected with 
a biotinylated rat anti-mouse IL-4 antibody (BVD6-24G2. PharMingen). 
ELISA was developed with HRP-conjugated donkey anti-rabbit IgG 
(SAPU) for IL-12 and IFN-y, or HRP<onjugated StrepAvidin (SAPU) for 
IL-4, and followed using TMP HRP subshate (Dynatech, UK). The 
absorbance was read on a multi-scan (MR5000, Dynatech) at 630 nm. 
Recombinant cytokines were used as reference standards. 



■ Statistical analysis. Statistical significance (P < 0-05) was cal- 
culated by the Mann-Whitney test (Minitab software program). 

Results and Discussion 

iNOS-deficient mice, together with their heterozygous 
controls, were infected in the footpad with 10-fold dilutions of 
HSV-1 Glasgow strain 17"" (10^-10^ pi.u. per mouse). Disease 
development and mortality were monitored for 42 days post- 
infection. The LD50 of the heterozygotes was 9 x 10^ p.f.u. per 
mouse, which is comparable to that of normal strain BALB/c 
mice (Robertson et al, 1992). This was reduced to 1 x lO'* p.f.u. 
per mouse in the mutant iNOS-deficient mice. Compared with 
similarly infected heterozygous control mice, the mutant mice 
also displayed a significant delay in their ability to clear virus 
from the footpad and the DRG "(Fig. la, b). iNOS-deficient 
mice that survived HSV-1 infection of 10'*-10^ p.f.u. per 
mouse exhibited a marked increase in the frequency of virus 
reactivation in the DRG compared with heterozygous mice 
that had recovered fi-om the same dose of virus (Fig. Ic, d). For 
ganglia that are not directly supplying the sciatic nerve (Til, 
T12, Ll, L2, S2 and S3) and where virus is spread through the 
spinal cord, the frequencies of virus reactivation were 85% for 
the iNOS-deficient mice and 14% for heterozygous control 
mice. 

We next investigated the immune response of acutely 
infected mice. Heterozygous mice infected with 10* p.f.u. of 
HSV-1 per mouse produced HSV-l-specific antibody de- 
tectable 5 days after infection and peaking by day 7. Mutant 
mice produced significantly higher concentrations of specific 
antibody from day 5 which progressed through to day 11 (Fig. 
2a). All the antibody was of the IgG2a isotype; no IgGl 
antibody was detected (data not shown). This is consistent 
with a previous finding that cellular rather than humoral 
immunity is required for protection against acute HSV infection 
(Nash & Wildy, 1983; Chan et al, 1985). During the latent 
phase of infection by sublethal doses of virus, there was no 
significant difference between mutant and heterozygous mice 
in their antibody titre 42 days post-infection (14000 ± 2133 vs 
16 111 ± 3093). Five days after infection with 10^ p.f.u. of HSV 
per mouse, draining lymph node cells were collected and 
cultured with graded doses of UV-irradiated virus in vitro. Cells 
fi-om the heterozygous mice produced a modest but significant 
proliferative response when cultured with 5 x 10^-5 x lO'* 
p.f.u./ml of irradiated virus. This level was markedly elevated 
in cells from the mutant mice (Fig. 2 b). 

We have previously demonstrated that adoptive transfer of 
CD4'^ T cells primed by glycoprotein B of HSV can protect 
mice against acute HSV infection (Chan et al, 1985). Therefore, 
spleen cells from the infected mice were examined for T cell 
distribution and cultured with irradiated virus, ConA or LPS in 
vitro, followed by determination of the concentations of IFN- 
y and IL-4 in the culture supematants. Flow cytometric analysis 
showed that 40 days after HSV-1 infection, spleen cells (pooled 
fi-om nine to ten mice per group) from the iNOS-deficient mice 
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by titration in BHK21 /C1 3 cells. Each P^'^V^^P^TTn tvo^ rexp^ment^ due to physical losses, a 1 00 x decline in titre 
sLndard erro« are shown as vertical ba^. TyP'^^^. J probaWy 1 ^ x higher than shown. The pattern seen in the 

immediately post-infection is observed. Thus the .^f^f ^^"'J^^J^ ^^^^^^^^ ^ the footpad peaks on day 2 and declines 
heterozygous mice is typical of other norrnal J^^* No v^s was de ected by day 14. In the DRG. virus was first 

thereafter, followed by a second peak on day 7 P0«; ner^e S^ed on day 5 following replication in the DRG and 

detected on day 2, when virus would have f^velted up the ^'^'T'^^;^^^^^ ^ould have been established. The 
thereafter rapidly declined with no v.ms '^^'^^'f^'^y ^^^^^^^^^^ nerve following replication in the 

second peak in the footpad is believed to be due to ^ ^^j^^r*" mck a^^^ i (d) P f u. of virus per mouse was also 
DRG. The time-cou,^e of explant reactivation '^5;'''.^;^^^^^ were explanted from the right side 

examined. Six weeks after inoculation of "^^^^^^ Kr he release of infe^ious virus in BHK21 /CI 3 

l^l^^^l^ a^SLl ^:,Ti: sho^ sLilar results were obtained in two additional 

experiments. ^ . ' 



contained more CD3+ cells (37-9% vs 312%, P < 0 05) and 
CD3*CD4+ cells (28-7% vs 20-91%, P < 0-05) but similar 
fractions of CD3+ CD8^ cells (7-9% vs 6-98%) compared with 
heterozygous mice. Cells from infected iNOS-deficient mutant 
mice produced signiBcantly more IFN-y and less IL-4 than 
those from similarly infected heterozygous control mice (Fig. 
3), indicating a preferential expansion of Thl cells in the 
absence of iNOS. These results are consistent with the 
observation that NO inhibits the development of Thl cells 



(Wei et at 1995; Taylor-Robinson el ai. 1994). Cel s from 
mutant mice produced significantly more lL-12 than cells from 
heterozygous mice at all time points tested (Fig. 4). Since IL-12 
is a major inducer of Thl cell development (Trinchien, 1993) 
and is predominantly produced by macrophages, these data 
indicate that NO produced endogenously by iNOS in 
macrophages could inhibit the production of IL-12, thereby 
limiting the development of Thl cells. The mechanism by 
which NO inhibits IL-12 synthesis is at present unclear. 
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Fig. 2. (o) Virus-specific antibody 
response. Mice were infected as 
described in the legend to Fig. 1 . Sera 
were collected when mice were 
sacrificed, and titrated for anti-HSV • 
antibody by ELISA. Each point represents 
the mean of triplicate wells ± 1 SD from 
two to three mice, {b) Proliferative 
response of draining lymph node cells 
from mice infected 5 days previously with 
10^ p.f.u. of HSV-1 per mouse. For 
details see Methods. Each point 
represents the mean of triplicate cultures 
± 1 SD from a pool of cells from three 
mice. Similar results were obtained in two 
additional experiments. 
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Fig. 3. IFN-y {a) and IL-4 (6) produced 
by spleen cells from mice infected 40 
days previously with 10"* p.f.u. of HSV-1 
per mouse and cultured in vitro with 
optimal dose of antigen (10^ p.f.u. 
equivalent/ml of irradiated HSV-1 ) for 4 
days, or with ConA (2-5 ng/ml) or LPS 
(5 |ig/ml) for 3 days. Data for peak time 
points are shown. Culture supernatants 
were titrated for the cytokines by ELISA. 
Data shown are means ±1 SD of 
triplicate cultures. Similar results were 
obtained in two additional experiments. 



However, it is unlikely to be the consequence of higher virus 
load, since IL-12 is induced rapidly after infection (Kanangat et 
aL 1996; Scott, 1993; Ma etaL, 1996) and the virus replication 
rate was similar in both iNOS-deficient and control mice for 
the first 2 days after infection (Fig. la, b). Furthermore, a similar 
phenomenon was observed for Leishmania major infection 
(unpublished). 

Using inhibitors for NO synthase, NO has been shown to 
inhibit the in vitro replication of ectromelia virus, HSV-1, 
vaccinia virus, vesicular stomatitis virus and human immuno- 
deficiency virus (Croen, 1993; Karupiah etaL, 1993; Burkrinsky 
et ai 1995; Mannick et aL 1994; Bi & Reiss, 1995). These 
inhibitors have also been shown to significantly exacerbate 
ectromelia virus infection (Karupiah et aL, 1993), HSV-1- 
induced pneumonia (Adler et aL 1997) and influenza virus- 
induced pneumonia (Akaike et aL 1996). However, treatment 
of mice with NOS inhibitors failed to influence the course of 
vaccina virus (Rolph et aL 1996), influenza virus Q, P. Tite & F. 
Y. Liew, unpublished), or lymphocytic choriomeningitis virus 
(R.M. Zinkernagel & F. Y. Liew, unpublished) infections. 
Furthermore, NO appears to protect mice from fatal en- 



cephalitis induced by Sindbis virus by a mechanism that does 
not directly involve the immune response or inhibition of virus 
growth (Tucker et aL 1996). The present study provides direct 
in vivo evidence that iNOS plays a role in inhibiting HSV-1 
replication and in host protection. The mechanism by which 
NO limits virus replication is at present unclear. It is likely that 
NO acts as a direct effector molecule rather than indirectly 
through the enhancement of host immune responses because 
iNOS-deficient mice had reduced resistance to HSV-1 infection 
in spite of enhanced Thl response, which is known to be host- 
protective against this virus. NO could restrict vims replication 
by lysing target cells or by direct damage to viral particles as 
it is generally accepted that macrophage activation is important 
in determining the outcome of HSV infection, and that 
resistance correlates with the ability of macrophages to restrict 
HSV replication and dissemination Gohnson, 1964). This 
mechanism predicts that NO is important in infections with 
macrophages as target cells, but is unlikely to have a major role 
against virus infections in which CDS'" killer cells are the main 
effector mechanism. iNOS-deficient mice contain similar levels 
of CD8+ T cells as heterozygous mice following HSV-1 
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infection. The ability of iNOS-deficient mice to control low 
doses of infection indicates that mechanisms in addition to NO 
are involved in the resistance against HSV-1 infection. 
Furthermore, macrophages are not the only cell type HSV-1 

'" a major finding in this report is the preferential induction 
of Thl cells in mice deficient in iNOS. This is likely to result 
from inhibition of IL-12 synthesis by NO. It is now generally 
agreed that the balance between Thl (producing IFN-/) and 
Thl (producing IL-4) subsets of CD4+ T cells determines the 
outcome of many infectious and autoimmune diseases (Sher & 
Coffman, 1992; Liew, 1992; Mason & Fowell, 1992). Our data 
suggest that iNOS is important in maintaining a state of 
immunological balance, preventing the overexpansion of Thl 
cells which have been implicated in a range of immuno- 
pathologies. They also suggest that iNOS inhibitors niay be 
useful adjuvants for vaccination where an enhanced Thl cell 
response is essential for protective immunity. 
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1290 Chapter 34. Molecular Physiology 

GpGy functions to activate certain PLC isoforms, notably 

PLC-/J2. . . 

In contrast to G-protein-linked receptors, certain Ugana- 
activated and thus autophosphorylated RTKs, including 
those for PDGF and EOF (Fig. 34-103), directly activate 
PLC-yl by binding to this isoform via its two SH2 domains 
(it also has an SH3 domain) and phosphorylating at least 
three of its Tyr residues. PLC-yl 's association with the 
membrane-bound RTK, besides faciUtating its phospho- 
rylation, brings this otherwise cytosolic enzyme into con- 
tact with its substrate, PIPj, in the inner leaflet of the 
plasma membrane. In T cells, PLC-yl is Ukewise phospho- 
rylated through the action of activated TceU receptors, but 
here these tyrosine kinase -associated receptors recruit 
members of the Src family such as Fyn and Lck to carry out 
the phosphorylation. 

IP3 and DG are rapidly recycled to form PIP2 through the 
bicyclic metabolic pathway diagrammed in Fig. 34-109. 
Some of these inositol phosphates, as weU as many not 
appearing in Fig. 34-109, also act as signal molecules in 
certain cells, thereby increasing an organism's abiUty to 
respond to complex stimuli. Intriguingly, the enzyme that 
catalyzes the hydrolysis of inositol-l-phosphate (IP,), IP, 
phosphatase, is inhibited by Li+. The therapeutic efficacy 
of Li^ in controlling the incapacitating mood swings ot 
manic-depressive individuals therefore suggests that this 
mental illness is caused by an aberration in a phosphoinosi- 
tide signaUng system in the brain, possibly causing abnor- 
mal activation of Ca^'^-mobilizing receptors. 

The activating eflfects of IP3 and DG explain many cellu- 
lar phenomena. In skeletal muscle, for example, IP3 mobi- 
lizes Ca^"^ from the sarcoplasmic reticulum. Since Ca ^ tng- 
gers muscle contraction (Section 34-3C), this observation 
suggests that nerve impulses mobilize Ca^^ by releasing 
neurotransmitters in the myofibril's T tubules (Fig. 34-67), 
which then bind to PLC-activating receptors. In a second 
example, several polypeptide growth factors, including 
PDGF, act to mobilize IP3 and DG, which in turn stimulate 
ceU proUferation. The \-sis oncogene, which it wiU be re- 
called specifies an analog of PDGF (Section 33-4C), may 
therefore act to permanently switch on PIP2 degradation, 
thus forcing the ceU into a state of continuous proUferation. 
Several otiier oncogene products, including v-Src, are 
thought to aberrantiy activate tiie synthesis of PIP2 from its 
precursors (Fig. 34-109). Similarly, phorbol esters such as 
12-0-tetra-decanoylphorbol-13-acetate, 

O 
II 

Cl:lH27 C Q 
^ 18 




CH3 

16 



which are potent activators of protein kinase C (they stri^ 
turally resemble DG), are the most effective known tum^ 
promoters (substances that are not in themselves carcinds 
genie but increase the potency of known carcinogens; phof? 
bol esters induce the synthesis of the transcription factSc 
AP-1, the product of the c-jun proto-oncogene; Seaion 3iS 
4C). Clearly, the phosphoinositide cascade plays a centnH 
role in the control of cellular metabolism. * 



NO and Possibly CO Are Biological Messengers 

Nitric oxide (NO) is a reactive and toxic free radical gas. 
Thus, it came as a great surprise that this moleculefmctions 
as an intercellular signal in regulating blood vessel dilation 
and serves as a neurotransmitter. It also functions in the 
immune response. The role of NO in vasodilation was dis- 
covered through the observation that substances such as 
acetylcholine (Section 34-4C) and bradykinin (Section 
6-4B), which act through the phosphoinositide signaling 
systern to increase the flow through blood vessels by elicit- • 
ing smooth muscle relaxation, require an intact endothe- 
lium overlying the smooth muscle. Evidentiy, endothelial 
cells respond to the presence of these vasodilation agents by 
releasing a diffusible and highly labile substance (half-Ufe 
~5 s) that induces the relaxation of smooth muscle cells. 
This substance was identified as NO, in part, through paral- 
lel studies identifying NO as the active metabolite that me- 
diates the well-known vasodilating efiects of antianginal 
organic nitrates such as nitroglycerin 
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(angina pectoris is a disease caused by insufficient blood 
flow to tiie heart muscle, leading to severe chest pain). 

NO is synthesized by NO synthase (NOS), which cata- 
lyzes the NADPH-dependent reaction of L-argimne with 
O, to yield NO and the amino acid citruUine (Fig. 34-1 10). 
NOS is a homodimeric protein of 125- to 160-kD subumts 
that are homologous to cytochrome P450 reductase, an efr- 
zyme involved in detoxification processes. Each NOS sub- 
unit contains one FMN, one FAD, one tetrahydobioptenn 
(Fig. 24-21), and one Fe(III)-heme, cofactors tiiat presum- 
ably facilitate the 5-electron oxidation of L-arginine to yieia 
NO. The enzyme is activated by Ca^+ through its interac- 
tion witii CaZ+-calmoduUn. Hence, tiie stimulatory artion 
of vasodilatants on the phosphoinositide signaling system 
in endothelial cells to produce an influx of Ca^* results 
the synthesis of NO. 

NO rapidly difiiises across ceU membranes, althougn ^ 
high reactivity prevents it from getting >1 mm from i_ 
site of syntiiesis (in particular, it efficientiy reacts wjJhDoi^ 
oxyhemoglobin and deoxyhemoglobin: NO + , 
NOJ + Hb; and NO + Hb - HbNO). The physiology 
target of NO in smooth muscle cells is guanylate cycua^ 
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FIGURE 34-110. The NO synthase (NOS) reaction. The L-hydroxyarginine intermediate is tightly bound to the enzyme. 



which catalyzes the reaction of GTP to yield 3',5'-cyclic 
GMP (cGMP), an intracellular second messenger that re- 
sembles cAMP. cGMP causes smooth muscle relaxation 
through its stimulation of protein phosphorylation by 
cGMP-dependent protein kinase. NO reacts with guanylate 
cyclase's heme prosthetic group to yield nitrosoheme, 
whose presence increases the enzyme's activity 50-fold, 
presumably via a conformation change resembling that in 
hemoglobin upon binding O2 (Section 9-2B). Thus, NO 
functions to transduce hormonally induced increases in in- 
tracellular [Ca^'^J in endothelial cells to increased rates of 
production ofcGMP in neighboring smooth muscle cells. 

NO also mediates vasodilation through endothelium-in- 
dependent neural stimulation of smooth muscle. In this 
signal transduction pathway, which is responsible for the 
dilation of cerebral and other arteries as well as penile erec- 
tion, nerve impulses cause an increased [Ca^"*"] in nerve 
terminals, thereby stimulating neuronal NOS (which is 
^55% homologous to endotheUal NOS). The resultant NO 
diffuses to nearby smooth muscle cells, where it binds to 
guanylate cyclase and activates it to synthesize cGMP as 
described above. 

A third type of NOS, which is calmoduhn- independent, 
is transcriptionally induced in macrophages and neutro- 
phils (white blood cells that function to ingest and kill bac- 
teria), as well as in endothial and smooth muscle cells. Sev- 
eral hours after exposure to cytokines and/or endotoxins 
(bacterial cell wall lipopolysaccharides that eUcit inflam- 
matory responses; Section 34-2F), these cells begin to pro- 
duce large quantities of NO and continue doing so for many 
hours. Activated macrophages and neutrophils also pro- 
duce superoxide radical (Oj • ), which chemically combines 
with NO to form the even more toxic peroxynitrite 
(OONO~, which rapidly decomposes to the highly reactive 
hydroxide radical, OH • , and NO2 ) that they use to kill 
ingested bacteria. Indeed, NOS inhibitors block the cyto- 
toxic actions of macrophages. In endothelial and smooth 
muscle cells, cytokines and endotoxins induce a long-last- 
ing and profound vasodilation and a poor response to vaso- 



constrictors such as epinephrine. The sustained release of 
NO has been implicated in endotoxic shock (an often fatal 
immune system overreaction to bacterial infection), in- 
flammation-related tissue damage, and in the damage to 
neurons in the vicinity of but not directly killed by a stroke 
(which often does greater harm than the stroke itself). 

The physical resemblance of CO and NO (both are highly 
toxic diatomic gases) and the ability of CO to activate gua- 
nylate cyclase (presumably by binding to its heme group as 
does NO) suggests that CO may also act as an intercellular 
messenger. CO is physiologically generated through the ox- 
idative breakdown of heme to form biUverdin, Fe^"*^, and 
CO in a reaction catalyzed by heme oxygenase (HO; Sec- 
tion 24-4A). Two forms of HO are known: HO-1, which is 
abundant in spleen and other tissues involved in red cell 
breakdown; and HO-2, which is prevalent in brain tissue. 
Intriguingly, cytochrome P450 reductase, the only mamma- 
han protein known to be homologous to NOS, is the elec- 
tron donor in the HO reaction. In situ hybridization studies 
indicate that HO-2 mRNA is present in discrete neuronal 
locations throughout the brain that closely overlap those for 
guanylate cyclase mRNA but differ somewhat from those 
of NOS mRNA. The presence of zinc protoporphyrin IX 
(the Zn^*** analog of heme), a potent selective inhibitor of 
HO, results in a large decrease in the concentration of en- 
dogenous cGMP. All of these observations constitute 
strong circumstantial evidence that CO is, in fact, a neuro- 
transmitter. 

C. Neurotransmission 

In higher animals, the most rapid and complex intercellular 
communications are mediated by nerve impulses. Neurons 
(nerve cells; e.g.. Fig. X-lOd) electrically transmit these sig- 
nals along their highly extended lengths (commonly over 
1 m in larger animals) as traveUng waves of ionic currents. 
Signal transmission between neurons as weU as between 
neurons and muscles or glands, is usuaUy chemically me- 
diated by neurotransmitters. In the remainder of this sec- 
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Expression of Cytokines and Inducible Nitric Oxide Synthase 
mRNA in the Lungs of Mice Infected with Cryptococcus 

Aieo/on7i(3W5: Effects of Interleukin- 12 
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We have recently established a murine model oirpulroonaiy and disseniinlited infection witK a hirtiv vi™W 

ammals against {nfection. In this study, we extended these studies by liivestiMtIng the hS defeni^ 
nlsms. In particular, we examined the expression of mRNA for helper T^ieir 1(^5 SS)Ums7^^^ 

?arr1;S^T/an^;„i.^^^^^ 

and foUowins treatment wiih ii ii ti.«— ™.» . Infection 

II linjnir?p "» expression of mRNAs for Thl cytokines. TNF-o. 

IL.12p40, IGIF, and INOS in the infected mice, but expression increased markedly after treatment Sjh ii « 

earty stages of infection, and, interestlpgly, expression was not suppress by IH2 but rather ai^m^tMi 
particularly during the late stage. Similar resutts were also bbtJlL for SiK'ilS ' !LT !3toE1 



The helper T-ceil (Th)-derived cytokines are categorized 
into two groups. The first comprises Thl cytokines, including 
interIeukin-2 (IL-2), gamma interferon (IFN-7), and lympho- 
toxin (LT). The second group comprises Th2 cytokines, incliid- 
mg IL-4. .5, -6, -9, -10. and -13 (31). These groups are known 
to inhibit the biological activities of each other by producing 
IFN.7 and IL-4 (31). The Thl cytokines are strongly involved 
m the enhancement of cell-mediated immunity (31) and play a 
central role in the host defense mechanisms against various 
pathogenic microorganisms (40). IL-12 is produced by macro- 
phages cells and stim-jlaics naniraKkiller (N'K) cells and 
T cells to produce IFN-7 (46). More importantly, IL-12 plays a 
critical role in the development of Thl cells from naive T c^Ils 
(17). Recently, another IFN-7-inducing cytokine, termed - the 
IFN-7.inducing factor (IGIF), with biological activities similar 
to IL-12 has been identified and is proposed to be called IL-i8 
(34, 48). On the other hand, £he Th2 cytokines inhibit the 
production and biological activities of Thl cytokines (31), thus 
attenuating host defense mechanisms against pathogenic pr- 
ganisms, as previously shown by increased* susceptibility; of 
mice to leishmaniasis by immunological manipulations that 
enhance the dominance of Th2 cells over Thl cells (2, is) 
Thus^he commitment of specific Th cells to differentiation 
into Thl or Th2 cells may determine the host susceptibility to 
particular pathogenic microorganisms. 

Cryptococcus neoformans, a ubiquitous fungal microorgan- 
ism, has attracted attention because it causes a life-threatening 
infection in patients with impaired cell-mediated immunity 
such as AIDS (44). In infections caused by this pathogen 



1. • ^ ,■/ ■-. ■ , ■ * • ■ . 

cellular immunfty. mediated mostly by €04-^ t cells and mac- 
rophages, fomis a central role in host defense (16, 18 29) 
Recent studies from our group as well as other laboratories 
have demonstrated that IFN-7 is important in protecting mice 
against this infection through induction of macrophage antic- 
ryptococcal activity (22, 37).. In mice, such activity is mediated 
to a large extent by L-arginine-dependent killing mechanisms 
(1, 45). ./ • '■■ ^. . ; . 

Recently, we established a murine modeE of piilminaiy and 
disseminated ciyptococcosis arid demonstrated jthat lLrl2 pro-' 
tected firicc from lethannfectibri with C neofdrmdns by induc- 
ing production of IFN^7 (23); However, the mechanism for the 
IL-12 effect is not fully understood. In this study, we examined 
the kinetics involved in generation of Thl- and Th2-4ssociated 
cytokines, macrdphage-derived cytokines, and indubible nitric • 
oxide synthase (iNOS) in an effort to characterize host defense '' 
mechanisms against cryptococcal infection. We also examined 
the effects of IL-12 treatment on the synthesis of these cyto- 
kines and iNOS. 
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mTEIUALS AND METHODS 

* . ' ■ • - ■ * . 

Anirtals. Female (BALB/c x DBA/2)F, mice were purchased from SLC Japan 
(Hamamatsu. Japan) and used at ihe age of 7 to 10 weeks. The experimental 
protocol was approved by the Eihi« Review Committee for Animal Experiment 
taiion of our university. The aniiciyiiioct^ccal activiiy of macrophages derived 
from this strain of mice is not detected in the absence of stimulation with IFN-7 
plus lipopol>'saccharide; while ii is markedly induced after stimulation (3). All 
mice were housed in, a, pathogen-free cm-ironmcnl and received sterilized food 
and water at thu Laboratory Animal Center for Biomedical Scfieiice in IJnivcTSitv 
of the Ryukyus. *' • , ' 

C neqfbmums, A'serotype A encapsulated strain of C neojormans, YC-I I was 
obtained from a patient with pulmonaiy cryptococcosis. The strain showed thick 
capsule (7.6 ± 2.3 |im; 59) when examined shortly after harvesting from the 
mfccied lungs (not shown). The yeast cells were cultured on potato dextrose agar 
plates for 3 to 4 days, before use. , ' / 

Inlratraclieal instiilattoo of mfcroonganisms. Mice were anesthetized by an 
intrapcntoncal injection of 70 mg of pentobarbital (Abbott Laboratories. North 
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Chicago, III.) per 1^ of bb(fy weight* and restrained on a small boaixl. Live C 
neofomums cells (10?) were inoculated in a vohime of 50 ^ per mouse by 
inserting a blunted 25-gauge needle into and parallel to the trachea. 

Recombinant murine IL-H (specific activity. 2.5 x 10* Roche units/mg 
of protein) was kindly provided by HofiEmann-La Roche Inc (Nutley. NJ.). 1H2 
was intraperilonealy administered at a dose of 0. 1 pig per mouse daily for 7 days 
from the day of infection. ■ 

Eztradtlon of RNA and reverse transcriptioD-PCR (RT-PCR). Total RNA was 
extracted from the lungs of mice at various time points after instillation of C 
tteoformahs by the acid guanidinium thiocyanate-phenolnbhloroform method as 
described by ChonK^mski and Sacchi (6). For this purpose. 30.to 70 |ig of RNA 
was obtamed from one set of lungs and resuspended in 50 p,| of diethylpyrocar- ' 
bonate-treated distilled water. 

Subsequently, reverse transcription was carried out by mixing 5 jig of sample 
RNA solution (15 jU) with 2 »U of hexadeoityribonucleotide mixture (GIBCO 
BRL. Ufe Technologies. Tokyo, Japan). This solution was incubated for 2 min at- 
95'C and quickly cooled on ice. In the next step» 12 pi of a solution containhig 
6 |iJ of 5x reverse transcriptase buffer (250 mM Tris-HQ [pH 8.31. 375 mM KQ 
15TnM MgOj [OIBCX) BRLJ). 0.5 jii of 200 RNasc inhibitor (200 U/ml; GIBCQ 
BRL). 3 nl of 100 mM dithibthreitol. and 2.5 >l of 10 mM deoxynucleoside 
-triphosphate was added, and the tubes were incubated for 2 min at 37?C. We' 
then added LO>l of Moloney murine leukemia virus reveree transcripta^ 

(200.000 U/ml; GIBCO BRL) and incubated the sampie for 60' min at ST'C After 
receiving 45 nl of 0.7 M NaOH and 40 mM EDTA; the tubes were incubated for 
10 min at 65?C and quickly cooled on ice. The resultant cDNA was prccipiiatcd - 
- with 75% ethanol overnight at -70°C The precipitates were vrashcd once with 
75% ethanol. dried, and resuspended in 50 tU of diethylpyrocarbonale-treated 
distilled water. The samples were stored at -20*C untU use. This reaction was 
always performed simultaneously for parallel samples from one experiment. - 

PCR wis.cacried out in an autosMtic DNA thermal^cycler (Pcrkin-Bmer - 
Cctus, Norwalk, Conn.). For amplification of the desired cDNA. gene-specific 
rprimers (Table 1) were used. We added I.O ^1 of the sample cDNA solution tb ' 
49|^ of the reaction mixture, which contained 10 mM tris-HCI (pH 8.3). 50 mM 
jCa, IJ inM MgCIa, 10 (ig of gelatin per ml. deoxynudewide triphosphates 
rff'l ^ ItM), 1.0 »tM sense ahd anti^nse primer, and 

1.25 y of AmphTaq DNA polymerase (Perkin-Elmcr Cctus): The preparatioife 
iri the microtubes were amplified by using a three-temperature PCR system 
usually consisting of denaturation at 94X for 1 min. primer annealing at 55^ for 
1 ram. 3nd extension at 7rC for 1.5 min. PCR conditions of denaturation at 94''C 
for 1 min. primer annealing at eO'C for 2 rain, and extension at 72^ for 3 min 
were used for transforming growth factor 3 (TGF-p). The number of cycles was 
determined for samples not reaching the amplification plateau (32 cycles for ' 
hyporanthine phosphoribosyltransferase [HPRll and TGF-3; and 35 cycles f6r 
the others), as shown in Table i. The PCR products were electrophoresed on 2% 
ariose gels, stained with 0.5 p-g of ethidiura bromide per ml. and observed with 
a UV transiUiiminator. ' 

McasnreiiieBt of eytoklnes in long homogenates. Mice were sacrificed at days 
7 and 14 of mfection, and the lungs were excised and then homogenized in ZO mi 
of normal feline with Polytron (Kinematica AO. Utiau. Switzeriand) at 12.000 
rpm for 60 s on ice. TTie hompgenates were oentriftiged at 1.600 X g for 10 min 
and the supematants were passed through 0.22-»im-pore-size Millipore filters 
and assayed for concentrations of IFN.7. tumor necrosis factor alpha (TNF-aj, 
IL-4. and.ii>;n. uUtig.eii^^e-Unked immunasoTfrpnt . »«5 w /pij«a^ !;*:e-p"*- 
chased from Geiizymc Ca (Cambridge. Mass.) for IFN-7 'and fri^m Endogdn 
Inc. (Cambndge, Mass.). for the others. The detection limits bf the assay were ^ 
125 pg/ml for IFN.-7, SO pg/ml for TNF-a. 5 pgAnI fOr IL-4. 'and 1.5 U/ml for 
IHO.* * • ; 



'RESULTS'. -"'" • ^v'- 

Expression of cytokine and iNOS mRNA iii the iungs of 
mice infected wftii C neofomums. In our recent study (23), we 
established a murine model of puhnonaiy and (lisseminated 
mfection with a highly virulent strain of C neofomians. In this 
model, the fungal cells were directly instilled into the lung£ 
representing the initial infection site, TTie microorganisms 
multoplied rapidly in the lungs, disseminated to the brains 
withm 3 weeks, and induced 100% mortality within 3 to 6 
weeks of mfection. To examine the kmetics for production of 
cytokines and iNOS m the lungs after infection with C. neo- 
fomans, we examined the mRNA expression for thl cytokine^ 
including IL-2, LT, and IFN-7), Th2 cytokines (including 

macrbphage-derived cytokines (includ- 
m% TNFKit^ IL-ip. TGF:P, n:^12p40, and IGIF), and iNOS, 
which catalyzes the generation of nitric oxide (NO) from iJ- 
argmine (15) and mediates the cryptococcocidal activity of 
IFN-7-activated macrophages (1, 45). Examination of the 
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lungs was performed on days 1, 3, 7, and 14 after intratracheal 
instillation of the fungus. As shown in Fig. lA, there was a 
marginal expression of IFN-7 mRNA only on day 7 or no 
expression of IL-2 and LT mRNAs at any time interval, while 
IL-6 and IL-IG mRNAs were detected on days 1 to 14 and IL-4 
mRNA was detected, on days 1. 7, and 14 after infection. 
Among the macrophage-derived cytokines, there was little on 
no expression of TNF-a; II^12p4G, and IGIF mRNAs, similar 
to Thl cytokines, while the TGF-p mRNA was <letected on day 
1 and then diminished with time (Fig. IB). The IL-lp mRNA 
was expressed in the lungs of infected phosphate-buffered sa- 
line (PBS)-treated mice on days 1, 3, and 7 (Fig. IB). On the 
other hand, there was little or no iNOS mRNA expre^ion in 
the iungs (Fig. IQ.' In mice instilled intratracheaily with nor- 
mal saline (uninfected mice), mRNAs of all cytokines noted 
above and iNOS >yere not generated at any time interval, while 
the HPRT m RNA Was detected at a constaiit lever (data not 
shown). .s'.v , ^ , /, ,i >..\V 

Modification of cytokine and SNOS mRNA expression by 
IL-12. Recently, we demonstrated that administratioii of IL-12 
promoted the clearance of C neoformans from the lungs and 
prevented dissemination of the fungal organism into the brain 
resulting in reduced mortality (23). To elucidate the mecha- 
nism of the effect of IL^ 12, we: investigated whether II>12 
treatment influences the synthesis of cytokines, and iNOS in 
infected lungs. As shown in Fig. 2A, treatment ciiised an 
increase m the; expression of Il>2 mRNA ori days 7 and 14 and 
of LT and IFN^-y mRNAs through the course 6f infeetion. In 
contrast, IL-12,had little effect on the production of IL4 aiid 
IL-10 during the early period of infection (days 1 and 3). 
Surprisingly, IL-12 treatment enhanced the production of 
these cytokines during the Jate stage of infection (days 7 and 
14). The expression of IL-6 mRNA was shifted to the later time- 
in the IL-12-treated mice compiared to PBSTtreated mice. 
IL-12 treatment has been reported recently to suppress the 
development' of, a primary Th2 response to a protein-hapten 
conjugate (27), and/IL-4 production in mice during. infection 
caused by Leishimania major (49). Among- the macrdphage- 
derived cytokines, IL-12 treatment caused an increase in the 
expression of TNF-a froni day 3 and of ltrl2p40 :ahd IGIF 
mRNAs through the course of infection (Fig; 2B). Further- 
more, It also incrc:iGcd TCF-gHnRNA exfiression in jhe/iate 
period of infection (days 7 and 14), similar to that observed 
with Th2 cytokineis. The expressip of IL-lp inRNA Was en- ' 
hanced through the course of infection compaVed with infected 
PBS-treated mice (Fig. 2B). In addition, iNOS mRNA was 
considerably induced by this treatment on days 3, 7, and 14 
postinfection: (Fig, 2C). ' ' 

Detection of cytokines in lung homogenates by EUSA. To 
confirm the requite obtained by RT-PCR,' we measured the 
concentrations bf IFN-7, TNF-a, IL-4, and IL-IO by ELISA 
using lung hompgehates Obtained from infected PBS- and II> 
12-treated mice. No IFN:7 arid small amounts of TNF-a were 
detected in lurig homogenates on days 7 and 14 postinfection. 
In contrast. IL-12 treatment caiised an increase in the brbduc- 
tion of these cytokines (Table 2). On the other hand, sinall but 
significant amounts of iL-4 and !L-10 were detected during 
natural infection, and the production of these Th2 cytbkihes 
was significantly augmented by IL-12 treatment (Table 2). 
These cytokines , were not detected in the lurig homogenates 
obtained from^ uninfected animals (data not shown)/ ' 

• \ V ; PISCIJSSION ' , . 

In this study, We examined the production of Thl a'hd Th2 
cytokines in the lungs of mice throughout the course bf pul- 
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TABLE 1. Sequences of the oligonubleotidc primers used for PCR amplification of cytokine and iNOS 
product size predicted, and number of cycles 



mRNA. 



mRNA 



' HPRT 

Sense , ' 
Antisense 

IL-lp^ ' 
. , Sense 
Antisense. 

''•'IL-2; 

Sense 

' Antisense ; 



.SlLr4 , 
. \\ Sense 
.. . . 'Antiscnsb 

iL-6; 

' Sense ; 
Antisense - 

IL-10 

- Sense • . 
..Antisense-; 

IL-12p4p ; I 
. .. .Sense .> 
■ Aiitisense.^ 

-IFN-y - - 
'-Sense 
= ' Antisense, 



■I- 1 



. Sense • 
lAntisense. i. . 

... 

■ ^' . ^- ."V- ' 

' Sense > >'; ** ■• 
AntisehseV i 

• ' ' - .'. ■ ' 

TGF-p ; r 

' \vSense- 

Antisense ^ ^ 



IGIF 

■ Sehse .. . 
Antisense* 

iNOS ' ' 

Sense 
•^'"Antisense '•■ 



Primer sequence" 



5 -GTTGGATACAGGCCAAG ACTTTCTTG-I ' 
5-GATTCAAGTTGCGCTCATCTTAGGC-3' 

- - ■ ' . t * t 

5-GCAACTGTTCCTGAACTCA-3' 
5 -CTCGGAGCC7rGTAGTGCAG-3' 



5-AACAGCGCACCCACTrCAA-3' 
5 -TTGAGATGATGCnTGACA-3: 



5'-TAGTTGTCATCCTGCTCTT-3' 
5'.CrACGAGTAAtCGATTTG03' 



5 '-TTCCTCTCTGGAAG AGACT-3 ' 
5 -TGTATCTCTCTGAAGGACT-3' 



5' 

.5' 



5' 



5' 

-5' 



-TCCTTAATGCAGG ACTTTAAGGGTTACTTG-3 ' 
-GACACCTrGGTCrTGCAGCTTATTAAAATCO' 

-CAGAAGCTAACCATCTCCIGGITTGO' : 
TCCGGAGTAATTTGGTGCrTCACAC-3' 



-AACGCrACACACTGCATCT-3' 
•TGCTCATTGTAATGCTTGG-3' ' 



5' 

5' 



5' 
5' 



-GGCAGGTCTACnTGGAGTCAttGC-3' 
-ACATTCG AGGGTCCAGTGAATTCGGO ' 

. • ■ * ' 1 • t ,. • V ( 

-TCAGAAGCACrrGX6cCAT-3' 
•AAGTCCCGGAtACACAGACT-3' 



1^ 



5' 
5' 



-TGG ACCGCAACAAeGCCATCrATG AG AAAACC-3 ' 
TGGAGCrOAAGCAATAGTIGCTATC^ 



5'-ACTGTACAACCGCAGTAATAC;GG-3' , * " : 
5 -AGTGAACATTACAGAnTATCCX:-3' 

• ■ . ■ . . 

' • . • .* . . A. " 

5-CATGGCrrGCCCGTGGAAGTriCTCTTCAAAG-3' 

5'-GCAGCATCCCCTCTGATGGTGCCATCG-3' 

* '.J *.■ , ' * * ^ ^ , 



PriKluci (hp) 



165 



382 



442 



532 



256 



394 



342 



308 



* 322 



525 • 



.434 



754 



No. of cycles 



32 



35 



35 



* 35 



35 



> 35 



35 



35. ' 



35 



' ' 35 



t'" • ,-.1 32 



35" 



::'35 



" Primer sMMences were obtained from previous reports by Montgomeiy and Dallman (30) for IL-ip. iL-2:\L< IL-6. IFN.-y and LT bv Romani c( al ns\ for II in 
li^^^JV"^''"^' ^""^ ^ Chaj^^c. al. (4) JTC^.3.;y Okirnun; et^all Srwl?'^'^^ 



1 n ■ . 



monary arid ^disseminated infection with C. neoformans and 
found little or no production of Thl cytokine (IL-2. LT, anjd 
IFN-7) but considerable formation of TH2 cytokines (IL^, 
IL-6, and ILilO). Furthermore, there was little of no produc- 
tion of macrpphagie-derived cytokines (TNiF-a, IL-12ip40, aiid 
IGIF), while IL-ip and TGF-p imRNAs wer^ detected in cori- 
siderable. amounts during infection. Our results also demon- 
strated a lack of iNOS mRNA synthesis in infected lungs, 
consistent with the impaired generation of IFN-7 and TNF-a. 
Oh the other hand, the pulmonary production of thl cyto- 



kines, TNF;a, IL-I2p4i6, IGIF, and iNOS was augrnented fol^ 
lo^ying admiriistifatioh of IL^ Interestingly, similar results 
were bbtiained regarding the effect of IL-12 treatment.on syn- 
thesis pflL-4;IL4|^^^^ ; ; ; V 

Seyeril-sittidieis em the importance of thl cytokines 

in host defense ni'echanisms against infection caused by various 
microbial paithogensi (reviewed by Scott and Kaiifniann [40]). 
In particular, IFN^;y is considered to play a critical lolc in the 
activation of maicibphages through induction of NO, a princi- ' 
pal mediator for macrophage killing activity in mice (33). In 
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I)|aysnnrrtnrn1iiin 



bays after infection 



i" 



HPRT 



A 

IL-2 



IFN-v 
LT 

IL-4 . 

IL-6 
IL-10 

- * 

HPRT 




■ " »! 




Ihtys nfhTinftTlitm 



Days after infection 




HPKT 



after brcdhni ^ 

FIG. 1. Exprc.«ion of cytokines and iNOS mRNA in Ihc. lungs of mice in- 
fected with C neoformans. Mice received daily intraperitoneal injections of 200 
nl of PBS for 7;days from the day of intratracheal instillation of la** cells of C. 
neoformans. On days 1, 3, 7, and 14 of instillation, mice were sacrificed and total 
RNA was extracted from their lungs. Subsequently, RT-PCR was carried out for 
Thl and Th2 cytokines (A), macrophage-de rived cytokines (B), and tNOS (C). 
.H?RJwasiisef^ an internal control. The PCR products were electrophorescd 
on 2% agarose gels, stained with 0.5 iig of elhidium bromide per ml, and 
observed with a UV iransillumlriator. The RNA samples were obtained from 
three, mice in each group, and the results arc representative of three separate 
samples. . - t • v . , , 




1 ^ y 7.. u 



. , ^ . .. l>ii>NUftiTihfi'iiinn 

FIG. 2. Modification ;of cytokines and iNOS, mRNA expression by III- 12. 
Mice received daily intraperitoneal injections of recombinant murine IL-U (0 I 
»ig/mouse) for 7 days from the day of intratracheal instillation of I tf* cells of C " 
neoformans. On days ir3, 7, and 14 of instillation, mice were sa(^'ficed and total 
RJNA was extracted from their lungs. Sii^isequently, RT-PCR was <»rried out for 
Thl and Th2 cytokines CA), macrophageKlcrivcd cytokines ( B),' and iNOS (C). ' 
HPRT was used as an intenial contrbl.TTie PCR products were electrbphofdied ' 
on 2% agarose gels, :siaincd with 0.5 . »tg of .ethidium broiriidct per mi; and 
observed with a UV iransilluminator. The. RNA samples were" obtained from 
three mice; in each gniiip, and the results are representative of three separate 
samples. * . 



addition, IFN-7 enhances the antigen-presenting activity of 
macrophages^ resulting in the expansion of Thl cell population i 
(21). The activated Thl cells in turn produce large amoums of 
FFN-7 and. effectively augment macrophage antimicrobial ac- 
tivity. These biological responses may establish a positive feed- 
back circuit to.promote host resistance to microbial infectioh: 
In pur model of pulmonary, and disseminated infection with 
C neoformans, all mice died within 4 to 6 weeks due to the 
rapid multiplication of cryptococci in the lungs and its disseni- 
ination to the brain (23). Therefore, the present results indi- 
cate that insufficient production of Thl q^tokines and iNOS in 
the infected lungs may account for the uncontrolled infection 
with C neoformans, , , 

In contrast, induction of TGF-p and Th2 cytokines, includ- 
ing IL-4 arid lL-lO. became evident during the early stages of 
infection. Previous studies showed that constitutive production 
of IL-4 in transgenic mice resulted in increased susceptibility to 
infection with A major (25) and that resistance to infection 
occurs wheri.the endogenously synthesized IL-4 is neutralized 
in the susceptible mice (5). IL-10 is reported to inhibit Thl 
cell-mediated responses niostly by downregulating expression 
of major histocompatibility complex class II and CD80 on 
antigen-presenting macrophages (8. 9). The resistance of mic^ 
to mfection with various microorganisms is also impaired by 
administration of recombinant IL-10 (10. 42). Furthermore, 
administration of a neutralizing antibody enhances the resis- 
tance to microbial infection (7), Similarly, treatment with 



TGF-3' results in ^failure of aninials to protect themselves 
against infection caused by Toxoplasma gondii, probably due to 
-stippression of IFN-V prnductiftn (19). Tlielsc ohsen/a in-, 
dicate that production of greater amounts of Th2 than of Thl 
cytokines and the ; generation of TGF-p. as shown in the 
present study, may be closely correlated with the lethal pulmo- 
nary and disseminated infection with C. neoformans in! our 



.TABLE 2/; Cytokine Icvelsjn liing homogenatcs 







• ' ' r Uver '-' 


. ■ * . ' ■•■ ^ ' ' 


Cytokine ; 


■ . v I 


days. j, 




14 days,; I ... 




'J • . 
PBS/infcCletr' 


IL-l*2/iiifcclcd'- 


PBS/infected 


IL-12/infected 


IFN-7 
TNF-a 
lL-4 
IL-10 


Niy' : , 

*91.5"±.30.8-: 

' 4.9 ±'i;i 

't ' t ** 


, .526 .±73.1.: 
1,623 ±574.6 
l3.'8 ± 7.5 
16V2 ±3.8 


ND 
74.3 ± 19.2 
6.1 ±0.5 
5.3 ± 2.4 


. , 8613 ± 347.0 
1,306.4 ± 225.8 

15;2 ± 4.1 
' 31.5 ±8.1 

i » • • ' 



....... ^„ vjriKHuib ui-iuiig iniiiiugcnuic- was mcasurea tiy 

ELISA. Levcls.of IF^I-Y. TNFrq, andJM arc in picograms/millililcn levels of 
IL-IO arc. in uhiis/millilitcr, Each value is the mean ± standard deviation for 
three mice. ■ - * ♦ . , - 

Mice were infected intrairachcally with' C' neoformans but not treated with 



' Mice infected with C neofannans received daily intraperitoneal injections of 
recombinant I L- 1 2 < 0. 1 jig/mouse/day ) for 7 days! 
*'ND. not detected. . ■ . 
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model. To confirm this possibility, further studies with neutral- 
izing antibodies against these cytokines will be necessary. 

IL-12;eirfijm<«s jhos^^ caused by 

microbial pathogens (12, 14, 23, 47). Studies with cultured cells 
have^deinoristrated that IL-12 induces the production of IFN-7 
by NK ^Is, 78T cells, and conventional T. cells (43, 46) and 
potentiates the development of Thl cells frbni naive cells (46). 
In addition, it suppresses the generation of th2 cytbkinesf and 
theirbiplogical activities through the induction of IFN-7 (46). 

/ M suggest that IH2 treatment may suppress 

the in ywo gene of Th2 cytokines iii bur experimental 
murine^iriodd thus protecting these animals from death. How- 
ever; the- results showed that the expression of th2 cytoW 
mRNA was markedly enhanced, particularly, in the late stage 
of infection. In addition, the same treatment enhanced the 
expression of TGF-p mRNA, a potent immunosuppressive 

/ cytokine |36, 39, 41). The mechanism by )vhich ILt12 augitients 
the gehe^r^tidn of Th2 cytokines and TGF^$ in the lungs re- 

whainf tp -t^;^ Recently, several investigators (20, 28, 

38, 50)'have reported similar observations, showing that IL-12 
enhanced the production of IL-4 and IL-10 by ThO and Th2 
cells. 

. We,dem^^ in our recent study (23) that IL-12 treat- 

C>Tient';fnduced marked ceillular inflammatoiy , changes in the 
lungs of mice during the early stage of pulmonaiy and dissem- 
inated ciyptccoccosis. Our unpublished results further shbwed 
that no live C. neoformans was detected and the inflammatory 
changelsubsided in the lungs 9 weeks after infection in those 
mice that .survived the infection. These observations suggest 
that some mechanism operates to attenuate persistent inflam- 
matory reactions, which may be harmful to host. In previous 
studies (13, 24), systemic injection of endotoxin was deinon- 
^strated;xto . induce the fatal hyperinflammatoiy respbnses ' 
through, overproduction, of cytokines siich as TNF-cc -and 
IFN-7. In this endotoxemia model, administration of IL-10 
protected animals from the lethal endotoxin shock, probably 
through suppressing the production of TNF-a and IFN-7 (26). 
Similarly to their findings, in our model of ciyptococcal infec- 
tion, persistent activation of Thl cell-mediated responses in- 
duced by IL-12 could result in the fatal outcome due to l^r- 
inflammatory responses. However, no mice died becau»s of 
this mechanism. Considered together, the^ HiioMigs incUca^e 
thisre miay be a certain negative feedback mechianisin operating 
through;.Th2 cytokines and TGF-p to prevent uncoiitifbUed 
Thl responses, as suggested by Meyaard et al. (28). Further 
studies are necessary to examine this possibility. 

\G\¥ xndwcts, the production of IFN-7, proliferation vipf T 
cells, and activation of NK cells, effects that are similar to those 
of IL-12 (34). Interestingly, the effects of IGIF on the induc- 
tion of IFN-7 production paralleled those of IL^ 12 (34). At 
prescrit, .the biological significance of this newly identified cy- 
tokiiie remains unclear. Combining the data in the prj^ent 
study with those from our previous stucty; (23). we conclude 
that IGIF synthesis appears to be correlated with protectipii of 
mice frbrn cryptpcoccal infection. This may suggest that IGIF 
plays a role in host defense to pathogenic organisms. Further- 
more, the induction of both IL-12 and IGIF synthesis follcmring 
treatment with IL-12 may support a possible positive feedback 
mechanism involved in the generation.of IFN-7 and resulting 
in the'potetitiation of the protective effects. ' " ^' ^ 
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Elevated Expression of Thi Cytokines and Nitric Oxide 
Synthase in the Lungs of Vaccinated Mice After Challenge 
Infection with Schistosoma mansonl 

Thomas A. Wynn/* Isabelle P. Oswald/ Isam A. EltouiHr!^ Patricia Caspar,* 
Cliarles J« LowensSein/ Fred A. Lewis,* Stephanie L. James,* and Alan Sher* 

*lmmunology and Cell Biology Sectioa Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious . 
Diseases, Bethesda, MD 20892; ^Department of Neuroscience, Pharmacology and Molecular Sciences, Johns Hopkins ' 
University School of Medicine, Baltimore, MD 21205; and ^he Biomedical Research Institute, Rockville, MD 20852 

C57Biy6 mice were vaccinated with irradiated cercariae of Schistosoma mansoni, and, at various times after challenge 
infection, total lung mRNA was Bsolated to assess the induction of several cytokines that previously had been shown in . 
in vitio studies to be involved en the activation of macrophages and/or endothelial cells for nitric oxide (NO) production 
and kitting of schistosomula. Vaccinated mice demon^ted a highly significant increase in IFN-7 mRNA upon sub- 
sequent infection when compared with infected rwnvaccinated controls. A similar, although less dramatic; increase in 
two other macrophage-activating cytokines, TNF-a and IL-2, also was observed. In contrast, although the Th2 cytokines 
IL-4, IL-5, IL-1 0, and IL-1 3 were elevated in challenged vaccinated animals, only IL-1 0 and IL-1 3 showed increases that 
were significant with respect to the mRNA levels observed in challenged controls. Neutralization of IFN-y reduced 
immunity in vaccinated animals and resulted in decreased IFN-7, IL-2, JL-IO, TNF-a, and IL-1 2 p40 but markedly 
increased IL-4, IL-5, and IL-1 3 mRNA expression and serum lgE levels,> Pulmonary NO synthase expression was ele- 
vated in immunized mice at a time at which immune elimination of schistosomula. js believed to occur. Moreover, 
suppression of NO synthase activity with the inhibitor aminoguanidine reduced immunity, as measured by a 32 to 33% 
increase in worm burden. Together, these data support previous in vitro studies that suggest a role for NO in schisto-; 
somulum killing. Furthermore, the observation that the down-regulatory cytokines IL^, IL-1 0, and IL-1 3 are induced 
together with IFN-y may provide an explanation for the failure of this vaccine to provide complete protection. Tfte 
yoi/ma/ o//mmuno/ogy; 1994, 1 53: 5200. 



defining the Th cell subsets and cytokines underlying these 
protective Jinmune responses. 

An imppfbnt animal modeH used in the study of schisto- 
some immunity is the induction of resistance in mice by vac- 
cination with radiation-attenuated cercariae. After a single 
exposure to attenuated cercariae, animals are able to elimi- 
nate 60 to 80% of the worms that ordinarily develop from a. 
challenge infection. This resistance is dependent on CD4;^ T 
lymphocyte fimction but independent of CD8'*' cells, com-, 
plement, IgM .producdov, or IgE-mediated immediate-type 
hypersensitivity (4-8). Moreover, protective immunity 
seems to be associated with the function of the Thl, rather 
than Th2, subset of CD4^ cells. Thus, treatment of vacci- 
nated mice with Abs to IFN-7 causes a dramatic reduction in 
iimnunity, whereas Abs against the Th2 cytokines IL-4 and 
lLr5 have no effect (9, 10).; 

Several lines of evidence suggest that cell-mediated im- 
munity ihyplving IFN-7-activated effector cells is the ma- 
jor mechanism of protective immunity in this model (11). 



Schistosomiasis is a major parasitic disease that af- 
fects between two hundred million and three hun- 
dred million people worldwide (1). The develoji- 
ment of an effective defined Ag vaccine has been a 
primary goal of inununologists studying schistosome in- 
fection. Success in this area has been limited by a lack of 
understanding of immune responses that are effective 
against the parasite in vivo. Numerous studies have impli- 
cated Irath cellular and. humoral effector mechanisms in 
parasite attrition (2, 3). More recent work has focused on 
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Indeed, P storain mice, which are defective in macrophage 
activation, ^faMb'^e^^^ significa^if levels of immunity 
after immunization with irradiated cercariae (12). More- 
over, schistosomula are highly susceptible to killing in 
vitro by cytokine-activated macrophages , or endothelial 
cells (13). Although IFN-7 is a major activating cytokine 
in this system, TNF-a, IL-1, arid IL-2 also stimulate lar- 
vicidal activity (11). The inunune efifector mechanism of 
parasite killing involves the arginine-dependent produc- 
tion of toxic, reactive nitrogen intermediates (NOsf (14, 
IS), and is inhibited by NO synthase inhibitors or by the 
addition of excess iron to the culture m^diuih (16). 

In vivo studies indicate that the iungs are the major site 
of attrition of challenge parasites in mice vaccinated with 
irradiated cercariae (17), and that schistbsomulum elimi- 
nation is associated with increased pulmbhary T lympho- 
cyte response and mononuclear cell infiainmation (18). Iii 
this study, to better understand the mechanisms that con- 
trol parasite attrition in vivo, we have characterized the 
evolving pulmonary ^rytokine mRNA and protein patterns 
in animals vaccinated and challenged with Schistosoma 
mansoni cercariae^ with special emphasis being placed on 
cytokiiies that previously have been shown to activate 
macrophages and endothelial cells for 5arval killing (e g., 
IFN-y, TNF-a, IL-! , and IL-2) or to suppress this activity 
(IL.4 and iHO) (13, 15). In addition, we used in vivo 
depletion studies to examine both the effects of IFN-7 on 
cytokine patterns and NO synthase expression within the 
lung and the direct contribution of NO to p^site killing. 

Materials and Methods 

Laboratory hosts and parasites 

Six-week-old female C57BL/6 mice were purchased from the Division of 
Cancer Treatmeot, National Cancer Institute, Frederick, MD. Cercariae 
of 5. mansoni (NMRl strain) were obtained from infected Biomphalaria 
glabraia^tiujh toiomedical Seseaich lofiunOe, KocKv}iie, Mi>). ic some 
experimeats,.schistosomula were prepared from cercariae by mechanical 
transformation and gradient purification (19). Soluble worm Ag prepa- . 
ration (SWAP) was derived. firom homogenized adult parasites as de- 
scribed previously (20). " 



Immunizations andinfections 

5, morvoQi ceicariae were attenuated with 50,000 rad of yrinadiation fibm 
a C^.souroe. Mice were vaccinated by immersn^:the tail in water that 
contained 500 inadimed mcariae fbr40 min. Vaocinsitei mke or age- and 
sex-matched controls were used 4 to 5 wk after vaocbiatioii,' wfaeii they 
routinely display highly signiacant levels of immunity (^1, 22X Mice were 
chaUei^ peicutaneously with 120 cercariae in all immunity studies and 
with 500 ioeicariae for cytokine mRNA experiments! Wbes animals were 
perfused 6 wk later so that the degree of protective imthunity could be de- 
teimined, vaodnated mice routinely displayed a highly significant (p. < 
0.001) reduction in worm burdens as compared with, controls. The level of 
resistaiice fox vaccinated mice was calculated frona the.inean wonn burdens 
of control mice by usiqg the foUowii^ formula: peioetit resistance R = r 
(control - varcinatedycontroS x 100. Ute statistical agnificance between^ 
worm burdens was evaluated by usmg Student's f-(est . 



^ Abbreviations used in this paper: NO, nitric oxide; RT," r^eise transcriptase; 
SWAP, soluble wonn Ag preparation; AMC, aminoguanidine hemisulfate. 



Ab and cytokine reagents 

A neutralizing mAb that was specific for murine IFN-y (XMG 1.6) and 
a rat IgG control (GL113) that was directed against Escherichia coli 
P-galactosidase were purified by precipitation from ascites with ammo- 
nium sulfate. Mice were treated with anti-IFN-y or control mAbs (1 
mg/moiise/i.p. injection) during the vaccination period; Ab was admin- 
istered on days -1, 6, 12, 19. and 26 and on days -1. 3, 7, II, and 15 
postchallenge.' ' - ! . 



Intravenous challenge of schistosomula 

The induction of synchronous reactions to injected schistosomula was 
performed as dest^'bed previously (23). Briefly, cercariae were mechan- 
ically transformed and incubated for 24 b in RPMI plus 5% FCS at 3TC 
in 6% CO2. Schistosomula were washed three times and 'resusp^nded in 
PBS before i.v. injectibi2. Animals were killed 1 to 14 days after iiijec- 
tioh, and the right lung was placed in 1 ml of RNA STAt^ (tel-Tesl, 
Inc., Friendswood, TX) and frozen on dry ice in preparadpn for RNA 
extraction. In some experiments, the left lung was prepared for immu- 
nohistochemical studies. ■ , 



Lymphocyte culture 

Cells from the lymph nodes that drain the lung (mediastinal and thoracic 
para-aortic) were cultiired at 10^ cells/ml for lymphokine production in 
RPMI 1640 (Biofluids, Rockville. NO)), which contained i0% heat-in- 
activated PCS (Sterile Systems, Incl Logan, UT), 2 mM ^ut^e, 100 
U penicaiin, 100 /ig streptomycin/ml.- 10 mM HEPES, and 5 x lO' M 
2-ME Cells were incubated with SWAP at 50 ngfaH or Dm A at 5 
Mg/ml (20). Supernatant fluids, were collected at 72 h for lymphokine 
assays. • • ■ • • ^ 



Lymphokine and' Ab assays 



As described previously, superoatant fluids were assayed for IFN-y by 
two-site ELISA usinjg naAb HB,170 and a polyclonal rabbit anti-mouse 
rIFN-7 (24, 25) standariized against mouse rlFN-y control (gift of Ge- 
nentech. South San Francisco, CA). IL-5 was assayed by EUSA usit^ 
two mAbs that recSognize distinct epitopes (TRFK5 and TRFK4) (26) and 
standardized against murine fIL-5 (all reagents, were gifts of Dr. Robert 
Cbffman, DNAX, PaJo Alto. CA). In some expenments, mke were bled 
by orbital puncture on days 7 to 28 after challenge. Levels of total serum 
IgE Abs were qu2nt!«ed% EUSA as described previously (27). 



ImmunQhistochemistry* ■ 

Five-micrometer frozen sections in O.C.T. compouiid (Miles Inc., 
Elkhart, IN) were prepared from lungs that had been inflated and fixed 
with 4% buffered paraformaldehyde (Ted Pellai Inc., Reddiiig, CA) im- 
mediately after aiiimals were killed. Sections were preincubated with 
PBS containing 0.05% Tween 20 plus \% BSA for 30 min and washed 
three times with 0.05% Tween after each iiicuhation. Endogjenous per- 
oxidase was blocked with 3% HjOj prepared in absolute methaboL After 
this nonspecific blocking step: slides were incubated overnight with a 
polyclonal rabbit anti-moiise macrophage-NO synthase (t:100<diltition)! 
Adjacent sections were incubated with control antiserum. Tliis incubation 
was followed by a 20-min inoibation with a biotin-label^ donkey anti- 
rabbit Ab (The Jdckson Laboratory, Bar Harbor, ME) at a 1 *5dO'dilution: ' 
Pteroxidase-conjiigaled streptavidin (BioGenex' Laboratories,' San Rainon; 
CA) was added and incubated for 30 nun.' then substrate Oiroinasai 
(BioGenex) was added ' • . ' v. ; * - v*. 



- 4 



Inhibition 6( NO synthase activity 

For in vivo inhibition of NO synthase, aminoguanidine . hemisutfete 
(AMG) salt (Sigma Chemical C6., St. Louis. MO) was used as^described 
previously (28). Mice were injected twice daily with 500 mg AMQ/kg 
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body weight, wj^jftt^hqil hrrn diluted in O^^j^PgSJcijr^wk after chal- 

RT-PCR detection of cytokine mRNAs -^^^-^^ 

RNase-firee plastic and water were used thioughout The right lung was 
homogenized in 1 ml RNA STAT-4iO by using a tissue polytion (Omni 
international, Waterbuiy, CT% and total RNA was isototed as recom- 
mended by the manufacturer. The RNA was resuspended in diethylpy- 
rocaibonate-treated water that contained 1 mM EDTA and quantified 
spectropbotometricaUy. A RT-PCR procedure was perf(mned, as de- 
scribed previously (29), to determine relative quantities off mRNA for 
IL-2, IL^, IL-S, IL-10, IL-ia, IFN-Yt IL-i2 (p3S and p40 subunitsX 
TNF-o, IL-10,^tadiicsble nitrk oxide synthase (30X andliypoxanthiBe 
..pli05pb6r|bbsyltraiis&rase. The primers and probes for all genes have 
been published previously (29, 31-33). PCR condiUons were strictly de- 
fined for eadk cytokine primer pair, such that a linear relationship be- 
tween tsipttt RNA and final PCR product was obtained. Both positive and 
negative opntrols were inchided in each assay to confirm that only cDNA 
PC A products were detected, and Chat none of the reagents were con- 
taminated' with cDNA or previous PCR products. The nustber of PCR 
cycles selected for each gene were as follows: IL-2, 33 cycles; IL^, 32 
cycles; VLrS, 31 cycles; IL-IO, 32 cycles; 0.-13. 30 cycles; IFN-7, 28 
cycles; 30 cycles; p40, 33 cycles; TNF-o. 33 cycles; IL-lft 26 
cycles; inducible nitric oxide synthase, 33 cycles; and hypoxanthine 
phosphoribo^ltransferase, 21 cycles. After the appropriate number of 
PCR cycles, the amplified DNA was analyzed by electrophoresis, South- 
ern blotting^ and hybridization with cytoldrie-specific pm»es ^ 
.previous (29). The chemihmiinesoent signals were quantified by using 
a 6(X), ^sranner (Klicnvtek Internationa]. Torrance. CA). The amoim 
. PCR product was detericined by comparing a signal' density with that of 
standard: cunres generated fiom snnultaneously amplified steprwise di-' 
lutions of cDNA obtained from samples with high amounts (as deter- 
' mined firbm initiaJ experiments) of specific cytokine mRNA. Fold in- 
crease .was calculated as the reciprocal of the equivalent dilution of 
control (unchallenged mouse hug) cDNA. The tL-12 p35 chain was 
constitutively expressed in the lungs of all aniihals and was not signifi- 
cantly modulated after challenge infection; therefbie.r these data are. not ' 
presented. 

^1 ^ » ■ 

Statistics 

Statistical significance was determined by Smdent*s r-test, and signifi- 
cance determined with p values < U.OS. AU experiments were re- 
peated two or more times with similar results. 

Results 

An early Thl-type cytokine mRNA response 
is induced in the lungs of immunized mice 
after infection 

Mice were vaccinated with 50,0(K)-radrirradiated ceicariae 
and challenged at 5 wk posttnununization, their lungs were 
excised for RT-PCR on days 7 to 28, ^d chaining lymph, 
node cells were isolated for measurement , of Ag*induced 
tecaU responses on day 22 postchaUenge, Although, over- 
.all, we qt^erved a mixed Thl/Th2-like ptattern of cytokine 
mRNA.expression in both naive and immunized animak 
after iiifection with unattenuated cercariae, immunized 
^nu(^ scorned to be primed for strong and early Thl reac- 
tivity (Fig, i)/Thus, a notable inciease in IFN-y, IL-12 
p40, IL-2, and TNF-a mRNA was observed in vaccinated 
animals when compared with controls (Fig. 1, panels A 
and B), In contrast, Th2 cytokine mRNA levels either 
were not significantly different in inununized vs control 
animals, as was observed for IL-4, or were markedly sup- 
pressed ^at sbveral time points, as in the case of IL-5 



(Fig. ly panel C). IL-13 expression, which was elevated on 
day 6 in vaccinated mice, was significantly suppressed by 
day 14 to 18, the time of peak production in chaUenged 
controls. Although 11^10 was increased by day 10 after 
challenge, there was no dramatic difference observed be- 
tween any of the groups. Interestingly, IL-10 did not fol- 
low the pattern of expression exhibited by the. other Th2- 
like cytokines, but instead more closely foltowed the 
pattern observed for IFN-y, with sigsiificant increases in 
IL-10 inRNA being detected in the vaccinated group at 
several time, points. ■ . ^ 

f 

Depletion of IFN-y decreases resistance and 
c^qkine prpdjjciion but increases the Th2 [response . 

Vaccinated aiid'^^^ animals were treated witb 'anti- 

IFN-7 mAb XMG1.6 to directly assess the contribution of 
IFN-y to the evolving cytoldne pattern, NO synthase ex- 
pression, and parasite killing. Vaccinated mice that re- 
ceived anti-IFN-7 mAb hartx>red significantly more para- 
sites (average 50% ii^crease,^/^ < 0.001 in three experiments) 
than did the ^dcmated and ,cohtn>l It is 

interesting ..to note that animals depleted of IFN-7 also 
showed a si^idificant* redi^pn in iFN-y and n<12 p40 
mRNA expressioii at' several time points postchallbi^ (Fig. 
1,'panelA), arid that a similar, although less dramatic, reduc- 
tion in IL-2, TNF^cx, and II>10 was seen at sonie time points. 
In contrast, Itr4, fl>5, arid IL-13 (Fig. 1, panel C) wie 
rapidly and significantly elevated in animals depleted of 
IHSf-y, thereby suggesting that a switch fiom predominantly 
Thl- to Th2-:like cytokine expression oocurs.in vaccinated 
mice depleted of this cytokine. No marked chaiige was ob- 
served in IL-l)3 mRNA expression. 

Analysis of the Ag or niitogen responsiveness of lymph 
node, cells obtained from anti-IFN-y-treated animals ani- 
mals on day . 22 postchallenge confirmed that a switch from 
dominant Ihl jo Th2 cytokine expression occurred in the 
absence of IFN-y (Fig. 2). Vaccinated animals developed 
a marked anamnestic IFN-7 response upon challenge in- 
fection. Lung-associated lymph node cultiires that were 
restimulated with Ag (SWAP) or mitogen (Con A) dem-. 
onstrated a iharked increase in IFN-y production (Fig. 2). 
This elevation was associated with depressed expression 
of SWAP-specific IL-5 when compared with challenged 
control animals. As was observed with mRNA levels in 
th^ liing, depletion of IFN-^y blocked subsequent IFN-7 
responses to both SWAP or Con A.* In addition, depletion 
of IFN-7 restored SWAP-induced IL-5 production to the 
levels seen in : challenged control animals. 

Serum IgE levels in vaccinated animals during the 4 wk 
after challenge; infectionv reflected Th2 cytokine 'mRNA. 
arid protein expression in the. lungs (Fig. 3). Serum IgE 
levels were elevated earlier in animals vaccinated and 
challenged when compared with controls, peaking on day , 
14 and declim'ng thereafter. Nevertheless, mice depleted of 
IFN-7 demonstrated dramatically increased serum IgE, 
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."^"ff, expnssion in the lungs of vaccinated and control mice after chalice infection. 

Contror (opef) circles) and vaccinated mice were treated either with XMdl :fe (filled triangles) to neutralize IFN-y or Wftli control" 
mAb CL1 13 (filled circles), as described in Mahals ami Methods. All anirhals were challenged percutanajusiy with 500 
unattenualed cercariae, four animals/isroup Were killed on days 7 through 28, and total lung RNA was isolated fdl^ RT-PCR 
analysis. Increases in cytokine^pecific mRNAs were calculated from standanJ curves and are reported ai fold increases In 
mRNA expression over that observed in untreated (unchallenged controls) mouse lungs ± St. Changes in mRNA expression 
for sweral Thi-associated (pane/ A), inflammatory/immunomodulatory (pane/ 8), or Th2 cytokines (pane/ Q wfere deter- 
mined. * indicates that the fold increase observed in vaccinated animals (filled circles) is sighificantly ( p < 0.05) difierent from 
the expression in challenged controls (operi circles) at that time point. + indicates that the cytokine niRNA level observed in 
vaccinated and CL1 1 3-treated mice was stgnincantly difiiB~nt from that ia ths vsccinsted arui XMG1 



reaching levels nearly 3 times, greater than those seen in 
the vaccinated and control mAb-treated animals. 

Peak NO synthase induction corresponds with 
elevated IFl<i'y expression ; , 

Macrophages and endothelial cells stimulated with combina- 
tions of the; cytokines IFN-y, TNF-cc, and ILrl have 
been shown to produce elevated levels of NO in yilib through ' 
the cytoUne-indiioed activity of NO synthasie (13; 14). To 
determine whether a similar mcrease in NO jprbductioh oc-^^ 
curs, in vivb/puhnonary NO syndiase nnl^NA levels were 
measured after chailei^ infection. Vaccinated animals demr 
onstrated a twofold to threefidld increase iri NO synthase 
mRNA in the hu^ at day 7 postcfaalleiig^. Maximal iri- 
creases (^3-fold) were readied by day 18,' and then levels 
decreased by days 22 to 28 (Fig. 4). Controianimals did not 



display si^ificant increases until , several days later^ 
reaching rriaximial levels (3.5-fold) by days 14 to 18 and 
returning to, or. even falling below, base line levels by 
day 28. In vaccinated smimals depleted of IFtfrJ, NO 
synthase was elevated oiily at a single time point, dem- 
onstraUng no chaiige dyer base line levels at any other 
time, which suggests an important role for IFN-y in 
promoting NO synthase expression; 

In other experiments, naive and- vaccinated . animals 
were challenged i.v^ with mechanically traiisfomied ter- 
cariae. Undier th^se conditions, 'the parasites , r^ach the 
lung simultaneously, thereby allowing a synchronized 
cytokine response so that more detailed analysed of the 
evolving tytbkine patterns could be detected. IFN-y and 
NO synthase mRNA levels were evaluated 1 to 14* days 
postchallenge; In these experiments, IFN-y mRNA was 
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■ Vaccinated 4- Chanenged(GLl 13) 
□ Vaccinated + Challenged (XMG1.6) 




MEDIUM 



SWAP 



CON A 



FIGURE 2. Neutralization of IFN-y restores lymph node 
SWAPTSpecific IL-5 secretion while suppressing tFN-7. Lungr 
associcited lymph nodes were isolated frpm.the animals de- 
scribed jh figure 1 on day 22 postchallenge and :^n:;u!at^ 
with rhedium alone, SWAP, or Con A. Culture supernatants 
were isolated at 72 h and assayed by ELISA for the production 
of IFN-y and IL-5, as indicated. The reactivities of lymph 
node cells from foiir individual mice are illustrated and are 
reported in nanograms per milliliter ± SD: ' 



rapidly increased in both control and vaccinated ani- 
mals;' however^ the response in vaccinated animals 
peaked by day 1, at levels 10-fold higher, than those in 
unvaccinated controls (Fig. 5). Peak^xpressioti in coh- 
trolsiwas not only lower, but occurred one day later than 
in immunized mice, suggesting ah anamnestic IFN-7 
response in/the immunized group. NO synthase mRNA 
expression followed similar kinetics;'Aithough peak ex- 
pression in both groups occurred by day 2, vaccinated 
animals demonstrated a more than fourfold greater in- 
crease; in NO synthase expression than did challenged 
controls. 
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FIGURE 3. Serum IgE levels are elevated in vaccinated and 
challenged mice and further enhanced as a consequence of 
IFN-y depletion. The animals described in Figure 1 were bled 
on the days indicated, and total serum IgE levels were as- 
sessed for three to four individual mice at each time point, as 
described \a Materials and Methods. The data are reported in 
micrograms pieir milliliter ± SE. ' 



NO synthas^ expression is iocalized 

to inflammatory foci in animals vaccinated and ' 

challenged i.v. with schistosomula . 

To confirm and extend the mRNA studies, we staiped for 
NO synthase. in histologic sections prepared from' vacci- 
nated animals challenged i.v. with schistosomula. The 
peak tinie point of NO synthase mRNAexpTession'(Fig. S) 
was chosen for these studies. As seen in Figure 6A, nearly 
all pf the inflammatory foci surrounding challenge para- 
sites exhibited' positive stoning (arrows) for NO synthase, 
in ces^iast, iimg sections stained with conto! senjm dem^ 
onstrated no staining (Fig. 6^). 



Blocking NO synthase activity in vivo . , , ■ 
increases wbnn burdens in both control 
and yacciftated animals 

To assess the contribution of NO in parasite attrition, after 
parasite challenge, control and vaccinated animals were 
treated twice daily with AMG to block production of NO. 
In panel A of jFiguie 7, immunized animals: were vacci- 
nated with 500 irradiated cercariae,. whereas in pane/ B, 
niice were vaccinated with:only 50 irradiated cercariae to 
reduce the .level of protection and improve the possibility 
of seeing an effect of the inhibitor. Interestingly, aU ani- 
mals treated Lwith the inhibitor demonstrated a 12 to 22% 
increase Jn worm recovery: over that observed in . animals 
treated with saline^alone. In both sets of experiments, vac- 
cinated mice treated; with AMG had significantly: higher; 
(p< O.OS) worm burdens than did PBS-treated vaccinated 
animalSj with the most dramatic increase being observed 
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FIGURE 4. NO synthase mRNA expres- 
sion is increased in the lungs of vaccinated 
and challenged mice and suppressed in 
animals that have been depleted of IFN-y. 
Lung NO synthase mRNA levels were as- 
sessed by RT-PCR with use of the cDNAs 
described in the legend to Figure 1. The 
data are reported as fold increases over un- 
challenged control mRNA levels ± SE. 
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ceicariae/v '-'S' 
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Discussion 

Several in vivo studies have suggested that the lung is the 
primary site for immune elimination of chaUenge 5. man- 
sbhi laiyae in mice immunized with radiation-attenuated 
cercanae (34-38). This process of vaccine-induced worm 
attrition , is associated with an anamnestic T :cell response 
in the lungs, production of IFN-y by cells lecpvered from 
bronchoalveol^ lavage, and mononuclear ceU-rich inflam- 
matory reactions surrounding challenge parasites (18, 39, 
40). We have shown that macrophages (ll)!^and endothe- 
lial cells (13) become activated to produce toxic NO and to 
kill schistosomula after in vitro stimulation by oombina- . 
tions of the cytokines IFN-y, TNF-cr, EH, and IL-2, and 
we hypothesized that this response may form the basis of 
protective inamunity in this model (11). To deterniine 
whether the same mechanisms may operate iin vivo, we 
have, by using RT-PCR, analyzed the cytokine mRNA 
response in the lungs of mice vaccinated and challenged^ 
witii cercariae. ^\ 

In general, the data presented here regaidinyg the ''evolv- 
ing lung cytokine mRNA response in vacdnated mice sup^ 
pibft previous observations that suggested a^bininance of; 
Thl-like cytokine expression in animals vacohatied with 
attenuated cercariae, in contrast with a ddntinance of Th2 ' 
cytokine expression in animals with patent^, manspni in-^ 
fection (11). We found an earlier and stirong^ir EFN-y and: 
IL-2 mRNA response in the lungs of imniunized animals' 
when compared with challenged controls (Fig 1). In con- 
trast with previous studies (18), Th2-like cytokme mRNAs 
also were detected, although often at leVels similai- to; or ' 
even lower than, those in controls. In the case of IL-10, 
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FIGURE 5. Expression of NO synthase and IFN-y mRNA in 
vaccinated and control mice challenged i.y /with, s(:hi^osc>- 

^ mula. Naive (Qpen,circjes) or vaccinated (filled circles) mice 
were challenged i.v. with 500 mechanfc^^^ 
schistosomula.^Animals were killed on lhe days jriid|cated) 
and total lung RNA was assayed by Rt-PCR for IFhi^V and 

' NO synthase. The data are reported as fold increased oVef 
unchallenged cohtror mRNA levels ± SE. 
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FIGURE 6. Pulmonary NO synthase ex- 
pression is^{pcalizeci...to the inflacmnatpry 
foci surrburidihg the schistosonriulaM por- 
tion of the right lung was obtained from the 
mice described in the legend to Figure 5 
and analyzed by immurK>histochemistry 
for expression of NO synthase by using a 
polyclonal serum specific for the enzyme 
( panel A). A control serum was used for 
the serial section stained in panel B. The 
section shows a representative inHamma- 
tory focus observed on day 2 in vaccinated 
animals challenged i.v. with mechanically, 
transformed schistosomula. the arrows in- 
dicate the areas that are positive for NO 
synthase., . : 
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FIGURE 7- The inhibition of NO synthase activity in vivo 
with AMG significantly increases worm recovery. C57BL/6 
mice'wete vaccinated with 500 {panel A) or 50 {panel B) 
50,000-rad-irradiated cercariae. Five weeks later, 10 ani- 
malsi^group were challenged percutaneously with 120 non- 
attenuated cercariae, and worm recovery was assessed 6 Wtc 
later. Animals were treated twice daily with saline (shaded 
bars) or AMG (filled bars) for 4 wk after challerige, as de- 
scribed in Materials and Methods. The AMG groups in both 
experimerits all were significantly (p < 0.05) diifererit from 
their respective controls. The number shown aboye each bar 
represents Ihe percent change in worm numbers vs the con- 
trol ^haHenged and saline-treated group. 

' . . " ' ' ' ' • ,? 

however; mRN A, levels seemed to be eveorhiglier in irri- 

niunizedys control challenged mice (Fig. h panel S). This 

co^xpression of IL-10 and IFN-y -has how been ftte- 

quehtlyi:observed in studies of cytokine expres$>idn in vivo 

(32,-41;^42).v - , ' ' ■ 

The ot>servation that IFN-y is substantially elevated in 

yacdnated .and challenged mice implies that this cytokiiie 

is likely to play a major role in the elimination of parasites. 



This finding has been confirmed by cytokine depletion 
studies in which the neutralization of but not IL-4 

or IL-S, at the time of challenge reduced protection (9). 
More recent studies suggested that maximal neutralization 
of lFN-7-may abrogate ininiunity by as much as 90% (10). 
In those studies, neutralization of IFN-y, while decreasing 
protection, increased the recovery of bronchoalveolar la- 
vage cells and also increased the size of lesions surroimd- 
ing the migrating parasite;s (10). This increas^, was. sug- 
gested to be caused by increased numbers of eosinophils 
and multinucleated giant ;cells within the ihflaminatbry 
foci. !n this stiidy^ we Qt^rved.similacincreas^^ln ep«^^ 
ophils and giant.cells, as well as marked increases in &L-4 
and IL-5 expressiori, in the lungs of mice: depleted of 
IFN-7 (data not shown). Therefore, the increased huinbers 
of these cells are Iskely the result of increased Th2 cyto- 
kine secretion, because IL-4 has been shown to be impor- 
tant in the formation of giant cells (43), and IL^S is critical 
for the differentiation of eosinophils (9). 
^ Tpgciher,^tj^se and previous observations suggest that 
an increased ratio of Th2- to.Thl-like cytokine expression^ 
has occurred in. immunized mice depleted of IFN-7. This 
altered pattem was observed both in the lung at the mRNA 
level (Fig: 1) aind in the draining lyrhph nodes sifter in vitro 
stimulation with SWAP (Fig. 2). Additional evidehce for a 
switch in the :Th cell phenotype was indicated by the se- 
rum IgE levels (Fig. 3). The inarked increase in serum IgE 
in anti-lFN-y^'treated mice was 1 jkely the result of. en- 
hanced IL-4 secretion and,simultaneous.loss-of the ihhib- 
ttory effect of IFN-7 on B cell switching to IgE production 
(44),. Thus, these data are consistent with the hypothesis 
that IFN-y plays a major. role in promoting Thl cell dif- 
ferentiation while suppressing that of Th2 (45, 46). 

Previous studies have shown that IFN-7 isVa major cy- 
tokine invol vied in the activation of macrophages and en- 
dothelial :cells^ for larvicidal activity, although different 
combinations of the cytokines TNF-a, IL-1, ILr2, and IL-6 
have been found to serve as costimulatory factors (13, ,14). 
Although IFN-7 mRNA was markedly increased at nearly 
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all time points in the lungs of vaccinated vs challenged 
controls, we^^also IL-2, 
TNF-o, and IL-ip (Fig. 1). Together, these data demon- 
strate that a cytokine microenvironment: that is conducive 
to the activation of macrophages and endothelial ceils is 
induced in the lungs of immunized mice, which suggests 
that ib^ effector mechanisms described previously m vitro 
may 

Studies of the effector mechanisni of in vitro larvicidal 
activity have indicated that cytokine activation induces the 
arginine-dependent production of reactive J^O, which kills 
the parasites (16, 47). In our in vivo studies, we found 
elevated NO synthase mRNA expression in the lungs of ail 
challenged'mice (Fig. 4). Interestingly, peak NO synthase 
mRNA expression occuned at a time when elimination of 
minting larvae is believed to occur (17, 37, 48) and ley^ 
els of IFN-y mRNA have reached a maximum (Fig. 1). 
Depletion studies indicated Uiat the -increase in NO was 
highly dependent on this cytokine (Fig. 4). In addition, in 
mice injected i.y. with schistosomula, similar kinetic pat-. 
terns of IFN-y and NO synthase mRNA. expression were 
observed (Fig. S). Together, these data provide the first in 
vivo evi^c;nce for cytokine regulation by a parasite vaccine 
of NO synthase, the enzyme responsible for the prpductipii 
of this crucial immune effector molecule. / - 

Investigations of the fate of challenge parasites in vac- 
cinated mice indicate that the larvae passing through the 
lungs become, trapped in inflammatory reactions that are 
■ histologic^y'remiiiisceht of delayed-t>i>e hyper%iis^^^ 
responses (35, 36), a Thl-associated phenomenon (49). It 
has been suggested tiiat this delayed-type hypersensitivity 
reaction effectively traps the larvae in ' the. lungs, where 
they eventually die (17). Our studies confiinn that NO syn- 
thase is induced in the lungs of challenged animals and 
demonstrate that the expression' of the enzyme is localized 
primarily to the inflamihatory fod surrounding the schis^ 
tosomula (Fig. 6). It is possible that the Ibcal'j^roduction of 
NO is directly toxic to the parasites as they nugrate 
throii^ tiie lungs, as has been shown in' vitro (16). In 
addition, jpulmoiiary inflammation, wluch hnpedes thei^ 
intravascular migration, may effectiviely increase larval ex* 
posure to NO, thereby creating a toxic niicroenvironment 
from which they must escape, which encourages their de- 
flection into die alveoli (37, 38, 50). The results presented 
here (Fig. 7), which show that treatment of vaccinated 
mice witii AMG at die time of challeiige increased Ae 
worm burden by 32 to 33%, certainly suggest an in vivo 
role for NO on protective immunity. The fact that resisr^ 
tance was not totally ablated may simply . ; indicite thaii 
AMG treatment did ntot coiitpletely elimiiiate'NO produc- 
tion in vivo or, more likely, reflects a role' for other im- 
mune'' mechaiiisms or mediators. Surprisingly, Gontrol 
mice ^so deinonstrated an average 183% increase in 
worm numbeifs when they were treated with AMG at th^ 
time of challenge, which suggests an innate^ non-vaccine^ 
induced role for NO in parasite elimination as well. This 



finding may be related to an earlier observation that a sig- 
nificant cell-mediated immune response (as suggested by 
iuCTeased Ag-specific lymphocyte proliferation) can be de- 
tected witiiin a few days after schistosome infection of 
naive mice (51). ' ' ; 

Recent studies have shown tiiat IFN-y activation of 
macrophages for NO-mediated killing is inhibitable by 
IL-10 and IL-4 (14, 52). Altiiough these cytokines were 
individually active at hig^ levels^ very low oohicehtrations 
of both mediators inhibited macrophage larvicidal activity 
and NO pnxluaion in a synergistic fashion (52)^ ttkewise, 
a recently described cytokine, IL-13, which has boih struc- 
tural and functional homology with.lL-4^.also has been 
found to modulate macrophage function (53) and suppress. 
NO production (54). Although IFN-7 was markedly ele- 
vated in vaccinated and challenged nuce, we also detected 
significant increases in IL-4; IL-10, and 11^1? (Figs. 1 and 
2). Moreover, depletion of IFN-y, while increasing worm 
burdens, resulted in even greater IL-4 and 11^13 lung 
mRNA levels (Fig^ 2), The fact Uiat these potent^down- 
regulatory cytokines are mduced in the lungs of immu- 
nized mice may explain why the attenuated vaoctnefuls to 
confer complete protection^ Because neutralization of IL-4 
alone previously failed to affect vaccine-induced iinmuiuty 
(9), it may be necessary to neutralize several inhibitory 
qrtokines to. observe a significant inciease in protection. . 

In conclusion;.ihese i5tudies confirm' and extend previ- 
ous studies that have suggested a critical role for IFN-7 in " 
the protection of mice vaccinated with attenuated cercariae 
and provide in vivo evidence for a rble for NO in parasite 
attrition. Recently, IL- 1 2 has beeii identified ais 'a major 
regulatory cytokine that influences the production of 
IFN-y by several cell types (55). It is interesting to inote 
that, in vaccinated mice, we observed marked increases in 
IL-12 p40 mRNA (Fig. 1), yi'hssa v/ere elevated cscks: 
nificanUy within a few days after parasite challenge. 
Therefore, one focus of our current work is fo evaluate the \ 
role of enddgenpus IL-12 in the irradiated vaccine model. 
In addition, biecause of the; published suppressive effeds of 
rlL-12 on parasite-induced Th2 responses (32, 56, 5^, ex- 
periments haye^been initiated to determine, whether exog* 
enous rIL-12^, when adn?iiiist(ered together with irradiated 
cercariae, can. suppress Th2-like cytokine produ^on in 
the lungs andf thereby, inaease Thl^ssociated j^ 
induced by schistosome vaccines. Indeed, our preUniinary . 
data suggest that rIL-12 can markedly enhance inunimity 
induced by the attenuated cercariae vaccine. • * . 
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Abstract 

Type I NOS expression increases in OB neurons during VSV infection. Immunocytochemicai staining of NB41A3 cells indicates 
constitutive expression of interferon (IFN)-'y receptor and type I NOS. IFN-y treatment of NB41A3 cells increased NO production and 
type 1 NOS protein. In vitro replication of VSV, polio virus type U and Herpes Simplex virus type 1 (HSV-1) is significantly inhibited by 
[FN-y induced type I NOS and antagonized by NOS inhibitors. In contrast, while IFN-7 treatment inhibited influenza and Sindbis virus 
replication, a different pathway(s) was involved. The isoform-selective NOS inhibitor, 7-nitroindazole (7NI) was used to treat mice; 
resulting in a 10-fold higher titer of virus in brain homogenates, and abrogated the recovery-promoting effect of interleukin-!2 treatment. 
Thus, IFN-y induced type I NOS activity may play an important role in host immunity against neurotropic viral infections. 

Keywords: Interferoh-y; Neuronal nitric oxide synthase: Viral infection 



1. Introduction 

VSV is a single-stranded, negative-sense RNA virus. 
When experimentally applied intranasally to BALB/c 
mice, VSV causes an initial infection of the olfactory 
receptor neurons (Plakhov et al., 1995) and the olfactory 
bulb (08) followed by an acute infecrion of the CNS 
(Lundh et al., 1987; Forger et al., 1991; Huneycuit et al„ 
1994). Viral liters peak at day 7-10 post infection when 
mortality occurs. Surviving mice completely clear the virus 
from the CNS by 12 days post infection. This system has 
been used as an experimental model to investigate the 
mechanisms of host defense against neurotropic viral in- 
fections. 

Cell-mediated immune responses, particularly cytolysis 
by major histocompaubilily complex (MHO class I re- 
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stricted CD8^ T cells, play a major role in the viral 
clearance from infected tissues (Zinkemagel, 1993). How- 
ever, the mechanism(s) of cell-mediated effect(s) in clear- 
ing viruses from infected neurons, which do not express 
MHC anrigens, remain obscure. With the exception of 
sensory olfactory neurons (Margolis et al., 1991), neurons 
in the adult CNS can not regenerate after trauma or 
inflammation. Therefore, eliminating virus from neurons 
through destructive means is potentially detrimental to the 
host. Studies with neurotropic viruses such as alphavirus 
and rabies virus have implied the existence of a non- 
MHC-restrtcted, noncytolytic mechanisms for clearance of 
viral infections in neurons (Levine et al., 1991; Diet- 
zschold et al., 1992). Our own data examining VSV 
infection of the CNS are consistent with the hypothesis 
(Plakhov et al., 1995; Huneycutt et al., 1993, 1994; Bi et 
al., 1995a). 

NO is a physiological neurotransmitter in the CNS 
which can be produced consutuiively by type I NOS 
(neuronal constituuve NOS or brain NOS) in neurons. 
Type III NOS (endothelial cell NOS) is also found in the 
CNS in both endothelial cells and a subset of neurons in 
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the hippocampus: we have recently shown that CNS astro- 
cytes synthesize type III NOS (Bama et al., 1996). Type II 
NOS (inducible NOS or macrophage NOS) can be found 
in the CNS as well, both in activated astrocytes and 
microglial cells in the CNS (Snyder, 1992; Corradin et al., 
l993rGalea et al., 1994; Nathan and Xie, 1994). We have 
shown that NO inhibits VSV infection in neuroblastoma 
NB41A3 cells in vitro (Bi and Reiss, 1995). 

Recent in vivo studies with interleukin-12, a strong 
activator of IFN-y production, have suggested the impor- 
tance of IFN-7 in the enhanced recovery from VSV 
infection in the CNS (Bi et al., 1995b; Komatsu et al., in 
preparation). Therefore, we initiated studies to investigate 
the potential role of IfTsf-y in clearing neurotropic viral 
infections in neurons through stimulating NO production. 

2. Materials and methods 

2.1. Ceils and viruses 

NB41A3 neuroblastoma cells and C6 astrocytoma cells 
were purchased from ATCC. RAW murine macrophage 
cells were generously provided by A. Amin, NYU. Human 
poliovirus receptor-expressing N2A murine neuroblastoma 
cells were generously provided by V. Racaniello, College 
of Physicians and Surgeons. Vero cells were the gift of P. 
Schaffer, Harvard Medical School. MDBK cells were pro- 
vided by P. Palese, Mt. Sinai School of Medicine. Chinese 
hamster ovary (CHO) cells were maintained as previously 
described (Huneycutt et al., 1994). Murine peritoneal 
macrophages were harvested by lavage with DMEM sup- 
plemented with 5% FBS and adherence on TC flasks. The 
mouse hybridoma, GR-20, a mAb antagonist to the IFN- 
jR, was purchased from ATCC, as were the rat mAb 
XMG1.2 and GL113. 

VSV, Indiana serotype, San Juan strain was used for 
most of these studies as previously described (Huneycutt et 
aJ., 1994; Bi et al., 1995a), Polio type 1 was generously 
provided by V. Racaniello. Influenza A/WSN/33 was the 
gift of P. Palese. HSV-1 was provided by P. Schaffer. 
Sindbis AR339 virus was the gift of B. Levine. 

2.2. Plaque assay of infectious viral titer 

Infectious virus was quantified on cell monolayers. 
Monolayers were prepared by inoculating 20 X 10'^ cells in 
I ml per well (24 well plate, Nunc) and incubated for 2 
days at 37°C. The medium was removed, 0.1 ml of each 
dilution of samples (10- fold serial dilutions) was added to 
each well, and the wells were then incubated for 30 min at 
37*'C. The medium was removed, 1 ml of the mixture of 
equal volumes of 1.8% agar (kept at 45''C) and 2 X culture 
medium (kept at 3TC) was added to each well, and the 
wells were then incubated at 37°C for 24 h. Plaques were 
fixed with 10% formaldehyde for 30 min and stained with 
0.5% methylene blue. 



2.3, Chemicals and cytokines 

In some experiments inhibitors of NOS were included. 
L-NMA (Sigma) and 7-nitroindazole (Calbiochem) were 
used at 400 ^LM as was the control compound, indazole 
(Aldrich). L- and D-argenine were purchased from Sigma 
and were used at 5 mM. 

Recombinant mouse IFN-7 was purchased from Gen- 
zyme. Recombinant mouse IL-12 was provided by Genet- 
ics Institute. In some preliminary experiments, rat conA 
supernatant (Browning et al., 1990), was used as a source 
of IFN-y: the validity of this assumption was tested using 
neutralizing mAb to IFN-y or to its receptor. 

2 A. Determination of NO concentration 

The concentration of NO in culture supematants was 
determined by assaying its stable end-product, N07 (Bredt 
and Snyder, 1989). Briefly, equal volumes of experimental 
sample and Griess reagent (1% sulfanilamididc; 0.1% A^- 
1-naphthylethylene-diamine, 5% H3PO4) (Sigma) were in- 
cubated at room temperature for 10 min. The reaction 
produces a pink color, which was quantitated at 540 nm 
against standards in the same buffer, using an automated 
plate reader (Bio-Tek, model EL 309). The data is ex- 
pressed as /iM. 

2.5. Immunohistochemical staining of frozen brain sections 
and NB4IA3 cells 

Frozen brain sections of uninfected or infected mice 
from a previously extensively characterized set of experi- 
ments were waimed for 10 min at room temperature before 
being fixed in 10% neutral buffered formalin for 10 min as 
previously described (Bi et al., 1995a). NB41 A3 cells were 
cultured in F-IO medium (12.5% horse serum and 2.5% 
inactivated FBS) on culture chamber slides overnight and 
dried for 10 min at room temperature before being fixed in 
10% neutral buffered formalin for 15 min. Slides of frozen 
sections or NB41A3 cells were washed twice in 0.1 M Tris 
buffer. Abs used include anti-IFN-y receptor mAb, GR-20 
(ATCC; culture supernatant), anti-neurofilament p68 mAb 
(Sigma; 1:25 dilution), anti-GFAP mAb (Dako; 1:20 dilu- 
tion), anti-NOS type I peptide (Dawson, Hopkins; 1:20), 
anti-NOS type II mAb (Transduction Labs; 1:20), anti-NOS 
type III mAb (Transduction Labs; 1:20). Endogenous per- 
oxidase activity was blocked by incubating slides in 0.3% 
H2O2 for 20 min. Background staining was blocked by 
preincubating slides in 1% BSA for 45 min. Slides were 
incubated with primary Abs for specific antigens for one 
hour at room temperature, and then incubated in biotinyl- 
ated secondary Ab (ABC Kit, Vector Lab), followed by 
avidin-biotinylaied peroxidase for another 30 min. Color 
was developed with 3,3'-Diaminobenzidine (DAB) in 
0.01% H2O2 for 5 min. Slides were mounted in Per- 
mount'" (Sigma). Photos were taken with an Olympus 
BH-2 microscope equipped with an automated camera. 
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2,6. Biosynthetic labelling and immunopreciptation 



3. Results 



NB4IA3 cells (5X10-^) were cultured in culture 
medium with or without [FN-y for 72 h. Cells were 
washed with serum-free, methionine-free medium and in- 
cubated in this medium containing 50 fxC\/xw\ "S- 
tnethionine for another 20 h. Cells were then chilled on ice 
for 10 min and lysed with 500 /xi of lysis buffer (0.5% 
iVfp.40. 300 mM NaCK 50 mM Tris, 100 Mg/ml PMSR I 
jag/ml leupeptin, PH 7,4) for 20 min. Cell lysate was 
centrifuged at 12;000 g for 2 min. Equal amounts of 
sjupematant (150 was precleared with 50% protein 
A-sepherose 2-3 times. Polyclonal anti-ncNOS peptide 
(the gift of Ted Dawson, Johns Hopkins) or the control 
normal serum (1:15 dilution) was added to the ceil lysate 
for one hour at 37°C. Protein* A complex was pelleted 
down in a microfuge for one minute, and boiled for 5 min 
in dissociation buffer (0.05% bromphenol blue. 0.0625 M 
Tris. 1% SDS, 10% glycerol, 1% 2-mercapioethanoi). 
Samples were then analyzed on 8% SDS-PAGE gel elec- 
trophoresis with high-range molecular weight markers 
(Promega). The gel was then soaked in DMSO twice for 
30 min each and immersed in 22.2% 2,5-diphenyloxazole 
for another hour. The gel was finally soaked in water for 
one hour and dried under vacuum. Film exposure was on 
Kodak Bio-Max MR film for 5 h at -70°C. Phospho- 
rimaging analysis of the gel was applied with Bio-Rad 
Model GS-250 Molecular Imager"". 

2.7. Experimental infection of mice 

Four groups of 10 mice were infected intranasal ly with 
2X10^ pfu VSV, as previously described (Bi et al., 
1 995a,b). Mice were injected daily with either indazole 50 
mg/kg or 7NI 50 mg/kg. Half of the mice received 200 
ng 1L-I2 (Genetics Institute). At 4 days post infection, 
mice were sacrificed and homogenates of CNS were pre- 
pared. The titer of VSV in the individual samples was 
determined by plaque assay on CHO monolayers as previ- 
ously described (Huneycutt et al., 1994). 

2.8. Sequence analysis 

The sequence of the promoter region of human type I 
NOS. GenBank Locus HSU 15666, was examined for the 
presence of well characterized IFN-y associated footprints. 
Included in the survey was GAS, GATCGATTTCCCC- 
GAAAT (Pine, 1992); IRS, CTCCTCCCTTCTGAG- 
G/IA4CGAAACCAACAGCAGTCCAAG (Coccia et al., 
1991); STAT core sequence, TTCCCCGAA (Ivashkiv, 
1995); IRF-I/ISGF2, GAAGTGAAG, AAAACCGAAA 
and AAACTGAAA (Benech et al., 1992); PIE region, 
CAATTTCC and CTCTTTTCTA (Benech et al., 1992); 
IFN-y responsive sequence, GGAAAAGCA and CA- 
GAAAAGGA (Benech et al., 1992); ISRE, CT-, 
CACGCnrGGAAAGTO/UACCTACCTACTC (Ohmori 
and Hamilton, 1995). 



J. /. NB41A3 cells express (FN-y receptor and type I NOS 

Because we had observed an increase in immunohisto- 
chemical staining for type I NOS in brain tissue sections 
following infection with VSV (unpublished observation), 
we examined the role of type I NOS in viral clearance and 
the potential involvement of IFN-'y in induction of type I 
NOS expression. We first observed the expression of 
IFN-7 receptor (IFN-yR) on olfactory bulb neurons (un- 
published observation) and in vitro. NB41A3 cells reacted 
positively for IFN-7R by using immunocytochemical 
staining with an anti-IFN--yR monoclonal antibody (mAb) 
GR-20. In addition, these cells stained positive for the 
neuronal marker protein, neurofilament, with an anti-neu- 
rofilament 68 mAb and did not react with mAb for the 
astrocyte marker protein glial fibrillary acid protein 
(GFAP). Further immunocytochemical characterization of 
NB4 1 A3 cells detected only type I NOS expression but not 
the other two isoforms of NO synthases (type II NOS and 
type III NOS; data not shown). 

i.2. IFN-y treatment significantly increases NB4la3 cells' 
production of NO 

NO production by NB41A3 cells was significantly in- 
creased by IFN-y. We examined the kinetics of induction 
of NO2 secretion into the cell culture medium, contrasting 
the neuroblastoma cells with a murine macrophage line, 
RAW, frequently used to study type II NOS. Fig. 1 shows 
the release of N07 from each source. The macrophage 
line reaches plateau levels of production by 24 h of 
incubation with 5 ng rIFN-y. The neuroblastoma cells, do 
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Fig. 1. Kinetics of the tPN-'y augmented NOS activity in IVB41A3 and 
RAW cells. Aliquots of supernatant were removed from triplicate wells of 
2X10'' NB4IA3 or RAW cells, cultured with medium or with 5 ng 
IFN-y for up to 72 h. The medium was assayed for the presence of N07 
using the Greiss reagent, and expressed as nM N07 ± S.D. present. 
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not reach substantial levels of N07 production until 72 h 
of co-culture. 

Activating the neuroblastoma ceils through their gluta- 
mate receptor, with 400 fJiM /V-methyl-D-aspartic acid 
(NMDA) for two minutes, significantly increased the NO 
production, as well (Fig. 2). Macrophages, however, do 
not have the glutamate receptor, and were not activated by 
NMDA. The L-arginine analogue, L-A^-methyl-arginine (l- 
NMA), blocked the IFN-y stimulated NO production by 
NB41A3, and peritoneal macrophages (Fig. 2) and also 
RAW, and C6 astrocytoma cells (Table 2, discussed be- 
low), consistent with the production of NO from an l- 
arginine substrate by NOS. In addition, adding 5 mM 
L-arginine but not o-arginine efficiently reversed the inhi- 
bition of L-NMA on NO production, further confirming the 
substrate stereospecificity of the enzyme. 

3 J, IFN-y treatment significantly increases NB41A3 cells' 
expression of type I NOS 

The activity of type I NOS is regulated by many factors 
including calcium, phosphorylation and flavin concentra- 
tion, and, unlike type II NOS, it is generally accepted that 
type I NOS enzyme is a long-lived, constitutively ex- 
pressed protein (Snyder, 1992; Nathan and Xie, 1994; 
Bredt and Snyder, 1994). However, constitutively ex- 
pressed type I and III NOSs are still subjected to dramatic 
induction at the transcriptional level (Weiner et al., 1994; 
Verge et al., 1992; Roskams et al., 1994). We investigated 
whether IFN-y regulates the synthesis of type I NOS. 
Immunoprecipitation of biosynthetically labelled type I 
NOS protein from IFN-y treated NB4IA3 cells followed 
by SDS-PAGE and autoradiography revealed that the 
amount of type I NOS protein was increased in a dose-de- 
pendent fashion (Fig, 3). Phosphorimager analysis of the 
gel indicated that IFN-y treatment increased the amount of 
type I NOS protein by 200%. 

3,4, IFN-y induced upregulation of type I NOS activity 
inhibits VSV replication 

We then investigated whether viral replication in 
NB4IA3 cells could be inhibited by IFN-y-induced type I 



NOS. Treatment of NB41A3 cells for 72 h prior to infec- 
tion significantly inhibited VSV and HSV-1 replication 
(Table 1). Replication of Influenza virus A/WSN/33 and 
Sindbis virus in NB41A3 cells was also significantly inhib- 
ited. In other experiments, the IFN-y mediated reduction 
in viral propagation was prevented by addition of anti- 
IFN-yR mAb GR-20, not shown. The abrogation of IFN- 
y-induced inhibition of VSV and HSV-1 replication by the 
L-arginine analogues l-NMA and 7NI suggest that the 
IPTSj, y-induced inhibition is due to type I NOS activity. In 
contrast, while IFN-y treatment inhibited influenza and 
Sindbis virus replication, this was not reversible with 
argenine analogs. The data suggest that influenza is sus- 
ceptible to other IFN-y^induced anti-viral enzymes 
(Staeheli, 1990), but not to NO-mediated inhibition. 

Treating NB41A3 cells with 500 /xM NMDA for two 
nniinutes also significantly inhibited VSV replication; anti- 
IFN-yR. GR-20 did not reverse the NMDA-induced inhi- 
bition of VSV replication in NB41A3 cells (not shown). 
Influenza virus replication, in contrast, and was not altered 
by NMDA-stimulation of the neurons. This is consistent 
with the insensitivity to NO-mediated inhibition of in- 
fluenza virus replication. 

1.5. NO production in neurons also inhibits polio virus 
replication 

We also investigated the susceptibility of polio virus to 
NO-mediated inhibition in vitro. NO donor S-nitro-A^- 
acetyl-penicillamine (SNAP) significantly inhibited type I 
polio virus replication in human po I io- virus- receptor- trans- 
fected mouse neuroblastoma N2A cells (Fig. 4). Treatment 
with control compound, A^-acetyl-penicillamine (NAP), 
which is not a nitrogen donor for NOS activity, had no 
effect on either viral replication. 

3.6. Inhibition of VSV replication in NB4IA3. but not RAW 
and C6 cells is attributable to type 1 NOS activity 

7-Nitroindazole (7NI) is a selective inhibitor of type 1, 
but not types II or III NOS (Moore et al., 1993). Therefore, 
we incubated cells expressing the 3 isoforms of NOS with 
IFN-y, NMDA, or medium and 2 inhibitors. L-NMA and 



Table 1 

Interferon- y-induced viral inhibition in NB41A3 cells: growth of VSV and HSV-1 is sensitive to nitric oxide-mediated inactivation, but Intluenza and 
Sindbis viruses are resistant to NOS-inhibition 



Inhibitor " 


VSV 




InHuenza 




Sindbis 




HSV-1 






media 


IFN-y 


media 


IFN--y 


media 


IFN--y 


media 


IFN-y 


Media 
7HI 

Indazole 
L-NMA 


5.615 + 0.282 
5.985 ±0.428 
5.460 ±0.408 
5.948 ±0.089 ; 


3.752 ± 0.034 ' 
5.752 ±0.331 
3.678 ± 0.174 
5:761 ±0.151 


5.683 ±0.140 
5.560 ± 0-489 
5.268 ± 0.350 
5.810±0.131 


3.810 ±0.130 
3.897 ±0.089 
3.546 ±0.212 
3.767 ±0.208 


4.859 ± 0.089 
4.935 ± 0.056 
5.053 ±0.217 
5.033 ± 0.238 


3.318 ±0.373 
3.897 ±0.089 
3.752 ±0.046 
3.796 ±0.084 


5.016 ±0.176 
5.159 ±0.194 
5.140 + 0.204 
5.359 ±0.225 


3.467 ±0.408 
5.170 ±0.264 
3. 175 ±0.369 
5,227 ± 0.208 



,t.Cultures of NB41A3 cells were stimulated with media or 5 ng IFN-y for 72 h. priorto 8 h infection with VSV, A/WSN/33. Sindbis AR339. or HSV-1 
at a mot = 1; in some cultures NOS inhibitors 7NI and L-NMA were added at 400 /iM. Supemaiants were assayed for infectious virus on NB4IA3 
monolayers. 
Data is expressed as tog,() pfu ± S.D. 

Italic data is significantly different from control values: p < 0.001. 
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Nitric Oxide Synthase Induction 
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Fig. 2. Nitric oxide synthase induction of NB41A3 cells and macrophages. 
2X 10-^ NB41A3 cells or peritoneal macrophages were cultured for 72 h 
with medium or with a crude source of IFN-y. rat conA supernatant. 
Replicate wells were cultured with medium (hatched bar) or with the 
inhibitory argenine analog L-NMA (500 ptM: crosshatched bar). Some 
wells were incubated as well with GR-20. a mAb to the IFN--y receptor 
which antagonizes IFN-y action, with 5 mM D-argenine or L-argenine. 
Other sets of wells were cultured for 2 min with 500 NMDA to 
activate neurons through their glutamate receptor. Nitrite production was 
determined by the Greiss assay. Maximal and minimal production for 
NB41A3 cells were 31 and 8 ^M, respectively; for macrophages the 
responses were 57 and 14. The relative change from background was 
determined. 



7NL The cells were infected with VSV and the progeny 
virus was determined 8 h later by plaque assay. l-NMA 
antagonized NOS-associated inhibition of viral replication 
in all three cell lines, whether NOS was activated by 
triggering of the cells through their glutamate receptors, or 
by IFN-y treatment (Table 2). 7NI treatment was con- 
trolled with indazole incubation. Only neuronal NOS was 
antagonized with TNI, the resultant virus produced in 





Fig. 3. IFN-y increases type I NOS synthesis in NB4IA3 cells, 5X 10*^ 
NB41A3 cells were cultured in either medium (lanes 1,2), I ng IFN-y 
(lanes 3. 4) or 10 ng IFN-y (lanes 5. 6) for 72 h. Cells were than 
biosynthetically labelled with 50 ptCi/ml "'''S-methionine for 20 h. An 
equal amount of cell lysate of each condition (150 fxl) was then immuno- 
precipitated with 1:15 dilution of either the polyclonal anti-type I NOS 
peptide Ab (lanes 2. 4. 6) or control normal serum Clanes I. 3. 5). Arrow 
indicates the band is at 155 kD. Phosphorimager analysis of the radioac- 
tive intensity of each band determined that lanes 4 and 6 were 1.2 fold 
and 2.1 fold (respectively) the incorporation of '^^S-methionine into type [ 
NOS when compared with cells treated with medium. 



RAW and C6 cells was indistinguishable from medium- or 
from indazole- treated activated cells. 

3.7. 7N! treatment of mice alters the course of viral 
replication in the CNS 

To determine whether type I NOS activity was biologi- 
cally relevant in the CNS of mice infected intranasally, 
groups of BALB/c male mice were infected with VSV 
and were injected with either indazole or with 7N1. In 
addition, half of mice were injected with IL-12. which we 
have previously shown has profound recovery-promoting 
effect(s) in this experimental system. Four days later, the 



Inhibition of Polio virus replication 



medium 



SNAP 



NAP 




VSV 



Poilo 



Fig. 4. Poliovirus replication is inhibited by NO. Type 1 polio virus and 
VSV were used lo infect N2A cells expressing the human polio virus 
receptor, moi = I, in the presence or absence 100 fxM SNAP, a nitrate 
donor, added every 4 h. as previously described (Bi and Reiss. 1995). 
After overnight incubation, supernatant virus progeny was titrated by 
plaque assay. Data shown are representative of two replicate assays. 
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Table 2 



VSV infection in the presence of NOS inhibitors 


1 1 

Cells 


Inhibitor 


Medium 


NMDA 


IrN-y 


RAW mii> 


medium 


5.79 ±0.09 


— 


4.55 ± 0.49 ^ 


RAW m<^ 


7NI 


5.87 ±0.08 


— 


4.84 ±0,15 


RAW m<i> 


L-NMA 


5.83 ±0.1 3 


— 


5.71+0.093 


RAW md) 


indazole 


5.45 ±0.21 


— 


4.49 ± 0.48 


NB4 1 A3 


medium 


5.80 ±0.10 


3.71 ±0.20 


3.94 ± 0.063 


neuroblastoma 










NB41A3 


7NI 


5.76±0.18 


5.57±0.I5 


5.76 ±0.097 


NB41A3 


L-NMA 


5.76 ±0.25 


5.59 ±0.27 


5.77 ±0.21 


NB41A3 


indazole 


5.58±0.27 


4J9 ± 0.36 


4.23 ± 0.29 


C6 astrocyte 


medium 


5.89±0.21 


4.54 ± 0.24 


4.41 ±0.37 


C6 


7N1 


5.83±0.I4 


4.59 ±0.52 


4.54 ±0.14 


C6 


L-NMA 


5.85 ±0,08 


5.38 + 0.37 


5.59±0.26 


C6 


indazole 


5.63 ±0.19 


4.48 ±0.17 


4.48 ± 0.42 



" In vitro conditions: Inhibitors were used at 400 /xM. NMDA at 500 
^lM for 2 min, IFN-y at 5 ng for 72 h, initial infection nrioi - 1. data 
shown is logjQ pfu virus ±S.D. derived from supematants harvested 8 h 

pi- 

^ Italic data points are significantly different from uninhibited viral 
replication, p < 0.05 or better. 

mice were sacrificed, and brain homogenates were tested 
for the presence of virus. Fig. 5 shows the results of the 
plaque assay on homogenates. The geometric mean titer 
(GMT) of virus in individuals within each group was 
compared. 7NI treatment of mice resulted in a 10-fold 
greater GMT compared to indazole treated mice. In addi- 
tion, 7NI treatment abrogated the IL-t2-mediated en- 
hanced clearance of VSV. This is consistent with our 
hypothesis that IL-12 induced IFN-y which in turn stimu- 
lated NOS in the CNS. These data clearly demonstrate the 
substantial contribution of type I NOS to restricting viral 

IL-12 Inhibition of VSV In Vivo 
Role of Type 1 NOS 

t^^^ medlunt ^ IL-12 200nQ 



5.00 




Indazole 7-NltrDlnclazot« 
Vlfus in Brain HomoQenates al day 4 



Fig. 5. \L-\2 inhibition of VSV in vivo: role of type 1 NOS. Four groups 
of 10 mice each were injected with 50 mg/kg indazole or with 1- 
nitroindazole and medium (hatched bars) or with 200 ng [L-12 (cross- 
hatched bars) and were infected intranasally with 2X 10^ pfu VSV. At 4 
days post infection, mice were sacrificed and brain homogenates were 
prepared. The amount of virus in individual samples was determined by 
plaque assay on CHO monolayers. Geometric mean titers ±SEM are 
shown. 



replication within neurons of the CNS during experimental 
VSV infection. 



4. Discussion 

These studies demonstrate that IFN-y can inhibit VSV 
replication through induction of the synthesis and activity 
of type I NOS in neurons in vitro (Tables I and 2) and in 
vivo (Fig. 5). We have shown that this antiviral effect in 
culture is not limited to VSV, but can be extended to 
poliovirus type I and HSV-1 (Table I, Fig. 4). Little is 
known about the mechanism(s) of IFN-y regulation of 
type I NOS at present. It is possible that IFN--y increases 
NOS gene expression at the transcription level, or IFN-y 
increases the quantity of NOS posttranscriptionally by 
either increasing the half-life of NOS mRNA or stabilizing 
the NOS protein. IFN regulatory factor (IRF)-l is required 
in iNOS induction in mouse macrophage (Kamijo et al., 
1994). IFN-y signal transduction in neurons, however, 
may or may not be similar to that in other types of cells. 
Two closely linked, but separable, promoters of human 
type I NOS have been identified (Xie et al., 1995). Our 
analysis of the sequence of the promoter region of human 
type I NOS has suggested a STAT core element and 
possible sites for PIE and GAS. IRS, IRF-1, IFN-y re- 
sponsive sequence and interferon stimulation responsive 
elements were not found. However, human type II NOS 
gene behaves differently than the mouse gene, and is not 
readily inducible by IFN-y, TNF-a or LPS (Reiling et al., 
1994). There may be other cytokine response elements in 
the 5' region of the gene, and only future investigations, 
and isolation of the murine promoteKs) will provide the 
insights necessary. 

It has been previously demonstrated that IFN-y can 
inhibit several viral infections in macrophages through 
iNOS induction (Karupiah et al., 1993). This is the first 
report that IFN-y can inhibit VSV in neurons through 
inducing type I NOS (Table 2). NO inhibits replication of 
polio virus and HSV-1 in neurons (Table I, Fig. 4). 
Considering that NO-generating neurons are selectively 
resistant to neurotoxicity of NO (Dawson et al., 1991), one 
more advantage can be attributed to IFN-y- mediated acti- 
vation of NOS in neurons in inhibiting viral infections in 
the >CNS rather than simply just induction of iNOS in 
neighboring neuroglial cells. 

Alternative noncyiolytic means of clearing viral infec- 
tions in neurons such as antibody-mediated clearance have 
been demonstrated in other neurotropic viral infections 
(Levine et al., 1991; Dietzschold et al., 1992). But since 
neither antibodies to VSV nor B cells infiltrating the CNS 
are observed before day 10, this mechanism is unlikely to 
be essential in clearance of VSV infection in the CNS in 
immunocompetent mice (Bi et al., 1995a). Acute viral 
infection of neurons should be rapidly controlled by the 
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host. While other anti-viral factors may exist, type I NOS 
jTiav the most important anti-virai factor of the host innate 
immunity existing in neurons. 
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